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ABSTRACT
The self-assembly of oppositely charged polymers provides a versatile platform to design
materials for diverse applications in biology and medicine. Electrostatically-driven phase
separation of oppositely charged polymers in aqueous solution gives rise to the formation of a
polymer-rich phase called a polyelectrolyte complex (PEC). PECs can be in the form of liquid
droplets (complex coacervates) or amorphous solid precipitates. Unlike synthetic polymers,
peptides are good candidates for developing tailor-made formulations and structure-property
relationships due to their biocompatibility, precise control over sequences, and ability to program
hydrogen bonding interactions. However, little is known about the effect of combining additional
molecular interactions with electrostatic interactions in PECs.

We have created a library of oppositely charged polypeptides to examine the effect of
increased hydrophobic and 𝜋-interactions on polyelectrolyte complexes. Characterization of the
designed polypeptides is confirmed by matrix-assisted laser desorption ionization–time of flight
mass spectroscopy, circular dichroism, and proton nuclear magnetic resonance spectroscopy. First,
we discuss the role of increased hydrophobicity of the peptide pairs on complex formation. By
designing a new pattern of peptide sequences, we show the experimental evidence (turbidity
measurements, infrared spectroscopy, and optical microscopy) that liquid complexes form by
disrupting hydrogen bonds through steric hindrance and increased hydrophobicity results in higher
stability of complexes against salt and temperature. Subsequently, we address the ability of these
materials to encapsulate small hydrophobic molecules.
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Then, we evaluate the effect of 𝜋-interactions on polypeptide complexes. 𝜋-interactions
together with other forces affect the amount of hydrogen bonding in polypeptide complexes, which
is correlated to the phase behavior. We discuss the stability of the complexes against different ionic
strengths considering the interplay between ionic and non-ionic interactions. Finally, the
encapsulation efficiency of a model molecule containing 𝜋-bonds highlights the role of the
cooperative effect of ionic and 𝜋-interactions on the encapsulation properties of PECs.
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CHATER ONE: INTRODUCTION TO POLYELECTROLYTES AND
POLYELECTROLYTE COMPLEXES
This dissertation investigates peptide-based polyelectrolyte complexes which are
reengineered to have different hydrophobic content and 𝜋-interactions. Upon interaction of
oppositely charged polyelectrolytes in solution, soluble complexes initially form which then phase
separate in the form of either solid (precipitates) or liquid (complex coacervates). Initially,
complex coacervates form spherical liquid droplets, while precipitates form irregular amorphous
particles [1,2]. These phase separated assemblies, called polyelectrolyte complexes (PECs), are in
equilibrium with their aqueous phase. Physical conditions such as ionic strength of the solution,
pH, temperature as well as chemical parameters like stoichiometry (mixing ratio of polycation and
polyanion), molecular weight, charge density, and total polymer concentration of the macro-ions
are found to affect PECs formation. PECs have gained a lot of attention due to their applications
as membranes and medical devices [3,4], encapsulants for flavors and additives in the food industry
[5],

and gene and drug delivery vehicles [6,7].

From a biomolecular and cellular engineering perspective, complex coacervates share
similarities to membraneless compartment structures found within cells that have been identified
as polymer-rich liquid phases [8,9]. Organelles are subcellular structures in the body that perform
specific functions and can be classified as membrane-bound, surrounded by a lipid bilayer, and
membrane-less organelles. For example, they are in charge of energy production, regulating gene
expression, protein packaging and secretion, and protecting cellular components. Membraneless
organelles form via the condensation of biomolecules such as proteins and nucleic acids in a liquid-

liquid phase separation process. They can have a multilayered structure with different
compositions and functions and due to the lack of a surrounding membrane, they can respond
rapidly to environmental changes in the cell, such as stress. The rapid association and dissociation
of membraneless organelles play a crucial role in responding to received signals in the cell. For
instance, processing body protein DCP1A undergoes a rapid and reversible phase separation in
response to the osmotic volume change of cells [10]. This rapid phase separation of stress responserelated granules is critical in pausing cellular biochemistry until initiation of necessary actions in
the cell [10].

Many membraneless organelles have shown liquid-like properties such as spherical shape
and deformation under shear stress [11]. However, solid-like structures can emerge from liquid
condensates such as the liquid to solid transition in stress granules that form aggregations of
amyloid fibers [12]. Alzheimer’s, type II diabetes, and prion diseases are examples of the diseases
associated with protein aggregation. An understanding of intracellular self-assembly and the
driving forces that dictate liquid-like or solid-like properties of membraneless organelles provides
information on how cells promote and regulate their functions.

The phase separation process of memebranelss organelles is driven by intrinsically
disordered regions in proteins. Within these proteins, long-range forces such as ionic interactions
and short-range forces such as hydrophobic, and 𝜋-interactions can affect the phase separation
process. Nott et al. demonstrated that ionic interactions primarily govern phase separation of Ddx4
proteins, and cation-𝜋 interactions contribute to the stability of phase-separated structures [13].
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Nephrin is a signaling cell-cell adhesion protein, and its intracellular domain undergoes
self-assembly via electrostatic interactions with positively charged molecules. Hydrophobic and
aromatic residues in Nephrin's intracellular domain then stabilize phase-separated structures via
hydrophobic and 𝜋-interactions [14]. Therefore, the cooperative effect of ionic, hydrophobic, and
𝜋-interactions play an important role in promoting phase separation in biological systems, but is
not well understood. Well-defined peptide sequences offer tunable structure-property
relationships, and by applying simple changes such as composition or charge patterning, we can
improve our molecular-level understanding of the phase separation process in protein-like
structures.

First, by designing hydrophobically-patterned ionic polypeptides, we investigate the effect
of increased hydrophobicity on the phase behavior of polyelectrolyte complexes. Hydrophobicity
can affect complex formation but has not been well studied. The investigation of the physical state
of polypeptide complexes with increased hydrophobicity, and their stability against environmental
changes such as salt and temperature, provides a better foundational understanding of the role of
hydrophobic interactions in the phase separation of PECs. Then, we extend our study to explore
the role of 𝜋-interactions by using aromatic residues in sequence patterning of peptides. Here, we
examine the cooperative effect of ionic, hydrophobic, and 𝜋-interactions on the secondary structure
of polypeptide complexes, which has been linked to liquid to solid transitions. Furthermore, by
changing the composition or ratio of charged and non-charged residues, we investigate the effect
of increased ionic interactions and decreased 𝜋-interactions on the phase behavior and stability of
complexes at different ionic strengths. The rationalization of peptide sequences enables us to
3

explore a wide range of diverse protein-like structures, enhancing our understanding of phase
separation phenomena in biological systems. Additionally, this information provides insights into
molecular foundations of disease-related phase separation in cells.
Lastly, we evaluate the encapsulation behavior of hydrophobic and 𝜋-containing
polypeptide complexes toward model molecules. These findings can provide a powerful strategy
in designing drug delivery carriers that can contain both charged biologic components such as
nucleic acids and proteins and hydrophobic drugs. Modification of the designed sequences to
include non-charged hydrophilic polymers such as polyethylene glycol (PEG) will result in
nanoscale polyelectrolyte complexes [2,15] with the ability to be decorated with targeting materials
[16]

for applications in nanomedicine.

Polyelectrolytes
Polyelectrolytes (PEs) are polymeric molecules that carry ionizable groups [17]. These
groups are usually bound to counterions and can dissociate in solution to make a positively
(polycations) or negatively (polyanions) charged polymers [18]. Their water solubility plays an
essential role in recognizing PEs as non-toxic and environmentally friendly materials [19]. PEs,
like acids and bases, can be classified as either strong or weak. Strong PEs are charged under all
pH conditions, while weak PEs can vary the extent of ionization, depending on the pH of the
solution [20]. Due to the repulsion of like-charged groups on the polyelectrolytes chain, PEs have
an extended conformation. The addition of salt can shield the charges on the chain, and a more
compact structure forms decreasing the size of PEs.
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Interactions between polyelectrolytes and also between the solvent and polyelectrolytes are
determined by enthalpy and entropy terms [21].

Electrostatic attractions, hydrogen bonding, and hydrophobic interactions control the
enthalpy side of PE interactions, while the entropy term is related to counterion release from the
electrostatic attraction between oppositely charged polymers [20], and re-structuring of water
molecules as the result of ionic and hydrophobic interactions [22].

Polypeptides
Polypeptides are made from amino acid residues, linking together via a peptide bond.
Peptide bonds are formed through a condensation reaction between the amine group of one amino
acid and the carboxyl group of another amino acid, followed by the loss of a water molecule. The
formation of a peptide bond between two amino acids is demonstrated in Figure 1. Peptide bonds
are kinetically stable, and their life in aqueous media approaches 1000 years in the absence of a
catalyst [23].

Figure 1. Peptide bond (green cube) formation as a result of the reaction of an amino group (blue circle) of one amino
acid with a carboxyl group (orange circle) of another amino acid. A water molecule is released upon this condensation
reaction.

5

There are 20 standard amino acids recognized to be the building blocks of proteins. They
are generally indicated by one or three-letter codes (Figure 2). Amino acids have distinctive
sidechains, some of which are ionizable. Therefore, polypeptides containing charged groups are
considered polyelectrolytes. Polypeptides are biocompatible polymers, and unlike synthetic
polymers, polypeptides can be specifically designed with control over their sequence and charge
spacing [1]. Furthermore, polypeptides can adopt different secondary structures, providing
advantages over synthetic polyelectrolytes. The secondary structure is the result of hydrogen
bonding between the hydrogen (bonded to the nitrogen) and the carbonyl oxygen of the amide
bond, which will be discussed in the following sections.
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Figure 2. Structure of 20 standard amino acids. Amino acids have a similar backbone but they are different in their
side chain groups. Amino acids are shown by one or three-letter codes and classified as neutral, basic (positively
charged) and acidic (negatively charged.)
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Secondary Structure of Polypeptides
Polypeptides can form backbone hydrogen bonds causing a localized conformation of the
polypeptide chain called secondary structure [24]. In the absence of secondary structures,
polypeptides show a random coil conformation. β-sheet and -helix are the common secondary
structures of polypeptides. Self-assembly behavior of polypeptides with β-sheets and α-helices
structures is different than random coil structures, and conformational control of polypeptides
provides tuning of their behaviors and functions [2,25].

Alpha-Helix (-helix)
In the alpha-helix structure, the carbonyl group of each amino acid forms a hydrogen bond
with the NH group of the amino acid that is located four residues ahead in the sequence, and these
intrachain hydrogen bonds stabilize the rod-like structure [23]. Each turn of the alpha-helix has 3.6
amino acid residues due to a 1.5 Å rise of each residue along the helix with respect to the next
residue and a rotation of 100 degrees [23]. -helix structure is indicated in Figure 3 (A).

Beta-Sheet (-sheet)
Hydrogen bond formation between the extended parts of the polypeptide chain called strands lead to -sheet structure. The hydrogen bond formation in -sheets is between multiple
strands of polypeptides, while in the -helix structure, it is within one strand. The hydrogen
bonding can be in antiparallel, parallel, and mixed arrangements [26]. The antiparallel arrangement,
which is the simplest arrangement, forms when the carbonyl and amide group of each amino acid
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form hydrogen bonds to the amide and carbonyl groups of the adjacent chain, respectively [23]. sheet structure is indicated in Figure 3 (B).

Figure 3. Secondary structures of peptides: A)-helix, dotted lines show hydrogen bonds between the residues. The
helical structure is formed by 3.6 residues per turn; B) -sheet, antiparallel -sheet made of two -strands. Adapted
from Rico et al. [27](Open Access Article).

Chirality of amino acids
A chiral molecule has an asymmetric center and is not superimposable on its mirror image.
All 20 standard amino acids except glycine have a chiral center. The chiral center of the amino
acid, -carbon, is the carbon connected to the amino group and the carboxylic acid group. Figure
4 shows a typical configuration of D and L-chiral amino acids. In nature, amino acids adopt the L
configuration.
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Figure 4. Chirality of the amino acids. The mirror image is not superimposable.

Polyelectrolyte Complexes (PECs)
Associative phase separation of oppositely charged polyelectrolytes in solution forms
polyelectrolyte complexes (PECs) [2,28-30]. PECs can be liquid, called complex coacervates, or
irregular aggregates, called solid precipitates. The entropy gain of released counterions, bonded to
polyelectrolytes, is believed to be the dominant driving force for complex formation [31,32]. This
is understood by the changes to the electrical double layer (EDL) of polyelectrolytes. EDL, which
forms on the charged surfaces in a liquid, is composed of an increased concentration of counterions
(attached to the charged surface via electrical attraction) followed by a reduced concentration of
similar ions which are loosely associated with the surface. Upon interaction of polyelectrolytes
and weakening of EDL, counterions will be released into the surrounding solution, increasing the
entropy [33]. Enthalpic or interactional contributions of polyelectrolyte complexation depend on
attractive forces such as electrostatic, hydrophobic, Van der Waals, and repulsive forces such as
steric and hydration forces [21].
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Isothermal titration calorimetry (ITC) studies have shown the dominant role of entropy
gain in polyelectrolyte complexation, when endothermic and weakly exothermic reactions are
involved [34,35]. In weakly charged polyelectrolytes, the counterion clouds are loosely bound to
the polymers, and their concentration in solution is not high. Upon complexation, the electrostatic
energy of the system decreases considerably due to the tight ion-pairing between the oppositely
charged sites of the polymers, and therefore the reaction is exothermic [33]. Furthermore, the
entropy gain from released counterions is also favoring the reaction. In strong polyelectrolytes, on
the other hand, charged sites on the polymer and counterions are bound tightly. Electrostatic
energy does not decrease upon ionic attractions of polymers, making the interaction endothermic.
However, due to increased entropy gain (released counterions), the total free energy of the system
will be negative, making the complexation possible.

Polyelectrolytes complexation is influenced by physicochemical parameters such as ionic
strength of the solution, charge density, molecular weight of the polymers, stoichiometry (ratio of
polyanion to polycation), pH, and temperature [2,21,36-38]. The ionization degree of weak
polyelectrolytes is affected by the pH of the solution. The dissociation constant of the
polyelectrolytes determines whether they are in their fully charged state or not. Cationic
polyelectrolytes are charged if they are in pH conditions below their dissociation constant, while
anionic polyelectrolytes are charged if the solution’s pH is above their dissociation constant. When
both polycations and polyanions are fully charged and carry exactly opposite net charges, complex
formation increases to the highest level due to maximum electrostatic attraction [21,38,39].
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Salt, on the other hand, can weaken the electrostatic interactions due to its screening effect
on the charge sites of polymers [40]. Salt’s small ions form a layer around the polymer charge sites
and prevent the opposite charges on the polymers from interacting. In other words, PECs include
intrinsic (bonding of opposite charges of polymers together) and extrinsic ion pairing
(polyelectrolyte-counterion pairing), and the presence of salt can break the intrinsic ion pairs and
decrease the complex formation [41]. Therefore, intrinsic and extrinsic ion pairing can affect the
phase behavior of PECs. The stronger the interaction between the polyelectrolytes (intrinsic ion
pairing), the greater tendency toward the solid precipitate formation. When salt is added to strong
polyelectrolytes, intrinsic ion-pairing weakens, resulting in a plasticizing effect on the compact
structures of polyelectrolyte complexes (transition from a glassy state to a rubbery state) [41,42].
This salt effect allows tuning the phase behavior of polyelectrolyte complexes.

Temperature affects polyelectrolyte complexation through interactional parameters and
conformational changes [21]. From a thermodynamic perspective, complex formation involves
both enthalpic and entropic terms, and interactions (polymer-polymer or polymer-solvent) are
favorable once the Gibbs free energy of mixing is negative [21]:
∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚 < 0

(1)

where Gm is the Gibbs free energy of mixing, Hm and Sm are enthalpy and entropy of
the mixing, and T is the temperature. Hm, which is the heat of mixing, or interactional
contribution, can be expressed by the Flory-Huggins theory of phase separation. In this theory, the
12

enthalpy of mixing is proportional to the interactional parameter (; chi parameter). Flory-Huggins
theory is based on the liquid-lattice model assuming that polymer and solvent molecules are
arranged in a lattice structure, each occupying one lattice position. [43]:
∆𝐺𝑚
𝑅𝑇𝑉
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Where i and Vi is the volume fraction and molar volume of the component i in the mixture,
respectively, R is the gas constant (8.3144 J.mol-1.K-1), and 12 is the Flory-Huggins interactional
parameter between the solvent and polymer [21]. 12 increases by decreasing the temperature, and
therefore, the polymer will become less soluble in solution (higher Hm values due to the increased
12 disfavors the polymer-solvent compatibility). This demixing process can promote polymerpolymer interactions increasing the complex formation [21]. On the other hand, higher
temperatures promote hydrophobic interactions due to the conformational changes [21]. Due to the
rearrangement of solvent molecules and enhanced entropy, hydrophobic interactions increase.

The driving force for complex formation can increase with higher molecular weight and
total polymer concentration [38]. Higher charge densities of polymers create more available sites
of interaction and are conducive to PEC formation. Charge density increases as the average
distance between the charges on the polymer chain decreases. For instance, the folded structure of
an -helical peptide has a higher charge density compared to its random coil structure.
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This has also been shown to increase the salt resistance of the complexes formed by helical cationic peptides compared to complexes with random coil polycations [44]. Charge density
can also influence the phase behavior of complexes. In a study on DNA hybridization by Vieregg
et al. [45], complexes of double-stranded nucleic acids formed solid precipitates, while singlestranded oligonucleotides formed liquid coacervates. Double-stranded nucleic acids have a higher
charge density compared to single-stranded DNAs, resulting in a stronger interaction with a
polycation pair, and hence, solid formation. These solid precipitate complexes showed a phase
transition to liquid coacervates at increased salt concentrations due to the screening effect of salt
on electrostatic interactions. Charge density can also be controlled by sequence patterning.
Recently, patterned sequences of poly(glycine-co-lysine) were designed to have increasing
“blockiness” [46]. Long charge-dense sequences showed stronger interactions when mixed with a
polyanion due to a larger entropy gain compared to sequences, where the charge was distributed
evenly (alternating sequence of charged-uncharged monomers). In the former case, counterions
are more confined around the charges of a block, resulting in greater entropy gain upon the
interaction of oppositely charged polymers.

Besides the physical and chemical parameters mentioned above, the chirality of amino acid
residues has been found to play a critical role in tuning the phase behavior of PECs [2,47]. In
homochiral polypeptides, hydrogen bonds form between the backbones of the chains, providing
-sheet arrangements that result in a compact structure and solid precipitate formation. On the
other hand, racemic, or heterochiral, polypeptides provide steric hindrance that disrupts hydrogen
bond formation, resulting in a random coil structure with more mobility and a higher amount of
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water [47]. Chirality therefore, has a significant impact on polyelectrolyte complexation enabling
manipulation of properties simply by controlling the chirality pattern and not changing the material
characteristics [2]. Using Fourier transform infrared (FTIR) spectroscopy and optical microscopy,
a continuous sequence of at least 8 homo-chiral residues in a patterned-peptide was found to be
necessary to form solid precipitates [29]. However, interaction of a very stable -helical cationic
polypeptides with anionic polypeptides of different chirality showed complex coacervate
formation regardless of the chirality of the polyanion. This indicates that intramolecular hydrogen
bonds do not affect the phase behavior of the complexes since the hydrogen bonding sites were
already occupied prior to complexation. Interestingly, the helix structure remains stable after
complexation resulting in much higher stability in salt solutions compared to PECs in a random
coil configuration due the increased charge density of the folded peptide [44].

Competition between different forces which might be involved in complexation determines
the resultant form of the complex to be either liquid or solid [2]. Strong electrostatic attractions can
lead to the solid precipitate formation, while weakly paired polyelectrolytes entrap solvent
molecules and form a liquid coacervate phase [42]. Chirality, as mentioned earlier, can affect the
phase state of the complexes as well. Enhanced short-range forces like hydrogen bonding, as a
result of the homochirality pattern of the polymers, encourages solid precipitate formation [2].
Solid precipitates are characterized by their insolubility in common solvents, amorphous structure
and virtually no salt counterions within the complex [48]. However, these strongly paired
polyelectrolytes, which are difficult to process, can be plasticized by aqueous electrolytes to
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provide rubbery extrudable PECs with potential applications as membranes, electrically
conductive coatings, and medical devices [42,48].

Complex coacervates are the result of liquid-liquid phase separation of the interacted
polyelectrolytes and initially appear as polymer-rich droplets in equilibrium with a polymerdeficient phase [49]. The term “coacervate” is derived from the prefix “co” meaning "come
together" and the Latin word “acervus” meaning heap. This term was introduced by Bungenberg
de Jong et al. [50] upon their work on ionically interacting polymers in aqueous media, referring to
colloidal molecules that phase separate from solution during formation of a second aqueous layer
[51].

Further to the high concentration of macromolecules, water and salt are also retained in the

coacervate phase [52].

The interfacial tension is the result of intermolecular cohesive forces at the interface of two
phases. Liquid surface tension is a bulk property and acts like a contractile force that tends to
shrink the surface [53]. It can be expressed as a force on a surface per unit length (N/m) that acts
perpendicular and inward from the boundaries of the surface tending to decrease the area of the
interface [53]. A very low interfacial tension between the coacervate phase (polymer-rich phase)
and the supernatant phase (polymer-depleted phase), reported in the range of 100-1000 µN/m
[54,55],

plays an important role in the utility of complex coacervates for different applications

[52,55].

For example, complex coacervates can be used as encapsulants in the food [56,57] and

pharmaceutical industries [7,49]. Encapsulation in the coacervate phase protects the contents from
the surrounding environment, preserves their activity, and enables their controlled delivery to a
targeted site [16,56].
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Unlike other delivery carriers such as hydrogels and microparticles, complex coacervates
form quickly and do not require specific solvents which can affect retention and bioactivity of the
encapsulated agents [58]. Furthermore, evaluation of complex coacervates provides insights into
the phase separation process in biological systems such as membraneless organelles.
Membraneless organelles will be discussed in the following section.

Membraneless Organelles
The cytoplasm and nucleus are the main components of eukaryotic cells. The cytoplasm is
the medium for chemical reactions and controls cellular processes such as folding proteins,
localizing molecules and organelles, and cellular transportation [59]. The nucleus contains genetic
information and is the control center of the cell [60]. The cytoplasm and nucleus are enclosed by
cellular and nuclear membranes, respectively, and they contain organelles. Organelles are
subcellular units in the body that carry out necessary functions (e.g. energy production, signal
response, breaking down large molecules, and lipid production). They can be divided into
membrane-bound and membrane-less organelles. Unlike membrane-bound organelles,
membraneless organelles lack a surrounding lipid membrane and can rapidly exchange their
internal components or respond to external changes [61]. These organelles form through a liquidliquid phase separation process and are enriched in proteins and nucleic acids [11]. Their rapid
association and dissociation make them known as fast- responders to receiving cell signals and
they are critical in cell functionality and survival. Furthermore, they have a dynamic nature with
an average size range of hundreds of nanometers [62].
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For example, the nucleolus, a membraneless organelle in the nucleus which has a critical
role in ribosome biogenesis, has a size range of 0.2-3.5 𝜇m. More examples of membraneless
organelles are germ granules, P-bodies, and stress granules in the cytoplasm, and Cajal and PML
nuclear bodies in the nucleus.

Germ granules are a non-homogeneous mixture of RNA and protein molecules that
regulate the translation of messenger RNAs (mRNAs) inside germ cells [61,63]. Trcek et al.
reported a size up to 500 nm for Drosophila germ granules [64].

P granules are the germ granules of Caenorhabditis elegans that control RNA metabolism.
Their segregation with germline blastomeres (the P lineage) during embryogenesis is the reason
they are called P granules [65]. They are different from P-bodies, cytoplasmic ribonucleoprotein
(RNP) granules in the cell. Processing bodies (P-bodies) are associated with proteins that are
involved in mRNA degradation and post-translational regulation [66]. P-bodies-related assemblies
have shown a size range of hundreds of nanometers [67].

Cajal bodies are membraneless condensates in the nucleus associated with mRNA
processing. The modification and assembly of small nuclear ribonucleoproteins (snRNPs) take
place in the Cajal bodies [68]. Although their size depends on the cell types, in mammalian cells,
Cajal bodies diameter is in the range of 0.1-2 𝜇m [69]. Cajal bodies respond to cellular changes and
react when the level of RNA synthesis and RNP assembly changes [69].
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Another membraneless organelle is RNA granules that form upon interaction of RNA and
RNA-binding proteins (RBPs) and their following phase separation [70]. Stress granules are one
type of RNA granule that form as the result of cellular stress and affect mRNA translation and
stability. A variety of sizes have been reported for stress granules from 0.1-1 𝜇m [70], 0.1-2 𝜇m
[71],

and up to 4 𝜇m [72]. Most membraneless organelles show liquid-like properties by

demonstrating deformation under stress or fluorescence recovery after photobleaching (FRAP).
Phair and Misteli studied the kinetic properties of some proteins in the nucleus that take part in
transcription, pre-mRNA splicing, and rRNA processing using FRAP [73]. They reported rapid
movement and short residence times of proteins, presenting a highly dynamic nature of the
nucleus. However, membraneless organelles such as stress granules can undergo a phase transition
from liquid to solid, leading to protein aggregation, which is the cause of some neurological
diseases [70].

To better understand the structure-property relationship of membraneless organelles,
intrinsically disordered proteins (and protein regions) have been studied due to their role in liquidliquid phase separation. Intrinsically disordered proteins (IDPs) are proteins that lack a welldefined three-dimensional structure [74]. They have a flexible structure with the ability to adopt a
range of conformations and play a crucial role in the phase separation of membraneless organelles
[74]. Nott et al. evaluated reversible self-assembly of the intrinsically disordered region of the Ddx4

protein, a primary component of germ granules [13]. They reported that electrostatic interactions
primarily govern the phase separation process, and further stabilization of these membraneless
condensates is through cation-𝜋 interactions. The organelles were spherical with a radius of 0.1-1
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𝜇m observed by fluorescence microscopy. Moreover, FRAP evaluation in their study showed
dynamic liquid-like behavior of the organelles.

Besides individual condensates, some membraneless organelles have multilayered liquid
structures (liquid-in-liquid phases) that do not coalesce and remain immiscible. For instance, the
nucleolus contains multiple inner phases that are distinct from each other [8]. This immiscibility
arises from the difference in physical properties such as surface tension. Feric et al. investigated
large nucleoli, in the size range of 1-10 𝜇m, in the nucleus (germinal vesicle) of X.laevis oocytes
to understand their phase behavior and the physical mechanism of their layered structures [8]. They
conclude that the nucleolar components form a core-shell structure due to the difference in their
surface tension. The order of organization depends on the differential surface tension, meaning the
inner phase is the phase with higher surface tension, and the outer shell is the phase with lower
surface tension.

Using recombinant proteins with similar features to Ddx4, resulted in liquid droplets with
a partitioning behavior that excludes double-stranded DNA and RNA, while strongly absorbs
single-stranded DNA and RNA [75]. Nott et al. attributed this behavior to intermolecular
interactions between the molecules and organelles and the preference of compact and flexible
structures extended to rigid conformations in the crowded interior of organelles [75]. They also
demonstrated the ability of membraneless organelles to affect the structure and physical properties
of partitioned molecules (for example, conversion of double-stranded DNA to single-stranded
DNA).
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Although membraneless organelles play a key role in the compartmentalization of the
cytoplasm and the interior of the nucleus, molecular-level understanding of their assembly and
function is yet to be understood, and more research needs to provide insight into this area.
Simplified structures such as peptide-based polyelectrolytes can facilitate the fundamental
understanding of the phase separation process of membraneless organelles and their
compartmentalization.

Application of Polyelectrolyte Complexes as Encapsulants
Polyelectrolyte complexes have found applications in a lot of scientific and technology
fields, owing to their properties. The aqueous nature of their solutions provides an advantage over
other solvent based-synthetic systems, resulting in less toxicity. In the food industry, PECs can be
used as encapsulants for flavors, oils, and additives. Complex coacervates made of gum Arabic
and gelatin are common examples of encapsulants for essential oil and flavors [5,76,77].
Encapsulation of flavor and oils in the complex phase can protect them from unwanted reactions
with the outside environment and degradation, increasing their shelf-life. Furthermore, controlled
release of these materials is possible by tuning the physical and chemical properties of the complex
phase [78].

Similar to flavors and additives, encapsulation of drugs within a complex phase can protect
the drug from harmful interactions with the environment. Furthermore, diversity in interactions of
polyelectrolyte complexes allows controlled drug release and targeted delivery [52]. For instance,
sequence patterning of peptides provides precise control of the charge spacing and chemical
composition in a polymer chain. This provides interactional tuning between the two oppositely
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charged polyelectrolytes, and polyelectrolytes and drugs. This level of control can result in higher
loading efficiency of drugs and controlled release.

Further to partitioning in the complex phase of two polyelectrolytes, an ionic therapeutic
can interact with an oppositely charged polyelectrolyte to make a drug-polyelectrolyte complex.
For example, polyplexes are formed through interactions between cationic polymers and nucleic
acids. Polyplexes have gained attention in gene therapy applications due to their advantages over
viral vectors such as lower immunogenicity and toxicity [79]. They protect nucleic acids from
degradation and provide targeted delivery. However, modification is needed to improve the
transfection efficiency of polyplexes [80]. Grafting polyethylene glycol (PEG) to cationic polymers
such as polyethyleneimine has been found to improve the transfection efficiency of the polyplex
[6,79].

The modification of polyelectrolyte complex systems for better therapeutic efficiency
applies to other polymeric carriers as well. Chitosan is an example of natural, positively charged,
biodegradable polymer that has been used in drug delivery studies [81]. Shu et al. studied PEC
beads of chitosan and negatively charged tripolyphosphate as controlled-release drug carriers [82].
The addition of sodium alginate and its further interaction with chitosan on the surface of the bead
enhanced drug loading efficiency and provided a longer release time of the drug.

Polyelectrolyte complexes provide a drug delivery platform that can address the therapeutic
efficiency challenges related to other delivery systems. Manipulation in the molecular structure of
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polypeptides and their biocompatibility extend the range of the entrapped therapeutics from small
non-ionic drugs to large charged molecules such as nucleic acids and proteins.
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CHAPTER TWO: MATERIALS AND METHODS1
Solid Phase Peptide Synthesis (SPPS)
The solid-phase peptide synthesis (SPPS) process is used for the synthesis of peptide
molecules. In this process, amino acids are added stepwise to a solid support
(fluorenylmethyloxycarbonyl (Fmoc)-protected resin beads) in a reaction vessel, and they are
covalently bound to the resin beads. The solid support is made from a modified Rink amide linker
attached to aminomethylpolystyrene. The peptide is grown on the resin beads via the linkers.

After loading the resin into the reaction vessel, the first step is to swell the resin in order to
swell the beads and increase the accessibility of the functional groups to the incoming amino acids
(about 10-20 min). FMOC protecting groups should then be deprotected from the resin using 20%
piperidine in dimethylformamide (DMF) (v/v) to make amino groups free to interact. In the next
step (coupling step), the first FMOC-protected amino acid will be added together with an activator
(2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)) using 0.4

1

Some parts of this chapter are adapted from two Open Access publications:
Tabandeh, S.; Leon, L. Engineering Peptide-Based Polyelectrolyte Complexes with Increased
Hydrophobicity. Molecules 2019, 24, 868. https://doi.org/10.3390/molecules24050868, and Tabandeh, S.; Lemus,
C.E.; Leon, L. Deciphering the Role of π-Interactions in Polyelectrolyte Complexes Using Rationally Designed
Peptides. Polymers 2021, 13, 2074. https://doi.org/10.3390/polym13132074.
MDPI requires no permission for reusing materials from an Open Access publication. This statement is mentioned
on their website's permission page: "No special permission is required to reuse all or part of article published by
MDPI, including figures and tables."
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M-methylmorpholine in DMF as the solvent. HBTU activates the carboxyl groups of the amino
acid to react with free amino groups. The successful coupling then will be followed by deprotection
of the FMOC group of the newly coupled amino acid using 20% piperidine in DMF. Subsequent
amino acids will then be added one by one. Washing the sample with DMF after each step of
deprotection and coupling is necessary for the removal of any reagents/residues. Schematic of this
process is shown in Figure 5. After last coupling, FMOC-protecting groups will be removed by a
deprotection process and the peptide will be cleaved from the resin and sidechain protecting groups
using a cleavage cocktail that varies with amino acid sequence. For example, for lysine and
glutamic acid residues a 95% trifluoroacetic acid (TFA), 2.5 % water and 2.5% Triisopropylsilane
(TIS) (v/v) cocktail is used. The peptide is then precipitated in cold diethyl ether, centrifuged,
lyophilized, and stored at -20 0C.
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Figure 5. Schematic showing the solid phase peptide synthesis process (SPPS). This process shows stepwise addition
of amino acids to linkers on the resin bead. The first step is to swell the resin using solvent and deprotect it so that the
first amino acid can be added in the next step. FMOC- protected amino acid with an activator will be added to be
attached to the linkers (coupling). Deprotection and coupling of the next amino acid is repeated until completion of
the sequence. The last step is to cleave the peptide from the resin and remove side chain protecting groups.

Materials
All polypeptide sequences were synthesized using solid phase synthesis (SPPS), discussed
in previous section, on a peptide synthesizer (PS3, Gyros Protein Technologies Inc., AZ, USA).
All amino acids for the synthesis were fluorenylmethyloxycarbonyl (FMOC)- protected and were
purchased from Chem-Impex International Inc. (IL, USA). 2-(1H-benzotriazol-1-yl)-1,1,3,3tetramethyluronium hexafluorophosphate (HBTU), as an activator, was purchased from Oakwood
Chemical (SC, USA). Solid support for the synthesis process, an FMOC-Rink Amide resin, was
purchased from Novabiochem (MA, USA).
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Solvents for the synthesis process were dimethylformamide (Fisher Scientist, NJ, USA),
N-methylmorpholine, and piperidine (Sigma-Aldrich, MO, USA). Trifluoroacetic acid and
Triisopropylsilane (TIS) for cleaving the peptide from the resin and to remove side-chain
protecting groups were purchased from Fisher Scientist (NJ, USA) and Acros (NJ, USA)
respectively. All peptides were stored at -20 0C.

Sodium chloride (NaCl) and calcium chloride dehydrate (CaCl2.2H2O) were purchased
from Fisher Scientific (NJ, USA). Bromothymol blue (BtB) was purchased form Alfa Aesar (MA,
USA). Methylene blue was purchased from Acros Organics (NJ, USA).

Polyelectrolyte Complex Preparation
Complex samples were prepared at a 1:1 molar ratio (monomer charge basis) of
polyanions: polycations. The polyanion was added first to water or water-salt solution, followed
by the polycation and then vortexing for better mixing. The total concentration of polymers (charge
basis) in the final solution was 5 mM, unless stated otherwise. The stock solutions of polyanion
and polycation had a concentration of 10 mM, monomer charge basis, and were stored at 4 0C. The
pH of the solutions was adjusted to 7 using sodium hydroxide or hydrochloric acid solutions,
assuming that polyanions and polycations acid are fully charged at this pH as it is two units away
from the pKa value of both polylysine and polyglutamic acid (pKa values of polyglutamic acid
and polylysine are around 4.3 and 10, respectively) [52,83].
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Matrix-Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) Mass Spectroscopy
In MALDI, a laser absorbing matrix is mixed with the samples to help ionization of the
macromolecules for mass analysis with the least possible degree of fragmentation. A time of flight
spectrometer, which is coupled with the MALDI ion producer, uses an electric potential to
accelerate the ions and then the travel time of the ions through a field-free zone will be measured
[84].

As each ion packet travels differently based on its velocity, the time of arrival to the detector

will be different. This time is proportional to (m/z)1/2 and can be used for the mass calculation of
the ions [84]. A software will report the m/z ratio and the related signal intensity of the ions. A
Bruker Microflex KRF MALDI-TOF mass spectrometer was used to determine the molecular
weight of polypeptides on a 96-spot target plate (MSP 96 target ground steel). Samples were mixed
with α-cyano-4-hydroxycinnamic acid as the matrix.

Proton Nuclear Magnetic Resonance (H NMR) Spectroscopy
The molecular structure of the molecules can be analyzed using H NMR spectroscopy in
which a magnetic field is applied to the sample which causes the nuclei spin to flip. Influenced by
the environment of the proton in each molecular structure, the signal appears in the different parts
of a spectrum. The signal integration determines the number of equivalent protons in the structure.
Polymers have broader signals than small molecules due to the overlap of their repeating unit’s
signals. Synthesized sequences were prepared in D2O with a concentration of 10 mg/ml and
characterized using either a Bruker Avance III 400 HD MHz or Varian VNMRS 500 MHz.
Fluorine NMR (F NMR) was carried out using Bruker Avance III 400 HD MHz.
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Circular Dichroism (CD) Spectroscopy
Secondary structures of polypeptides and their chiral patterns can be evaluated by using
CD spectroscopy [29]. CD measures the absorbance difference of left and right-handed circularly
polarized light. Upon interaction of chiral molecules with light, they can absorb left or righthanded polarized light differently and hence produce a CD signal [85]. In circularly polarized light,
the electric field vector rotates around the light propagation axis with a constant magnitude (despite
linear polarized light that has a constant vector, perpendicular to the propagation axis, and an
oscillating magnitude) producing a helix. Right polarized light has a vector which rotates
clockwise whereas, left polarized light rotates counterclockwise. The light is associated with both
magnetic and electrical fields (electromagnetic radiation), but since these fields are perpendicular
to each other, it is sufficient to consider only the electrical field in the description. All amino acids
except glycine have a chiral center, and their absorbance of the left and right-handed polarized
light differs due to their asymmetry. In the far UV range, (190-250 nm), the amides of the
polypeptide backbone absorb circularly polarized light and undergo optical transitions [86].
Therefore, the secondary structures of the polypeptides can be determined by CD. The CD
spectrum for each structural element is different. Random coil, -sheet and -helix each have their
characteristic CD spectra [85] (Figure 6).
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Figure 6. Circular Dichroism (CD) spectra of the common structures; random coil, -sheet and -helix. Reprinted
with permission from [87](Adam R. Urbach, Journal of Chemical Education, 2010, 87(9), 891-893 ). Copyright ©
2010 The American Chemical Society.

Disordered (random coil) structures show a negative band near 195 nm and a low ellipticity
around 210 nm. -helical structures have bands at 222 nm and 208 nm (both negative) and a
positive band at 193 nm. -sheet characteristic bands are at 218 (negative) and 195 nm (positive)
[85].

Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy provides characterization data on the secondary structures of
polypeptides as well as the PECs. The amide I region (1600-1700 cm-1), corresponding to the
carbonyl stretching vibration, is sensitive to the secondary structure of the peptide due to the
presence of carbonyl bonds in their backbone and hydrogen bonding patterns [88]. Each secondary
structure (random coil, -sheet, -turn and -helix) has its characteristic signal in the amide I range
resulting from conformation of the hydrogen bond in which the carbonyl groups are involved [89].
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We used ATR (attenuated total reflection) -FTIR in order to directly examine our samples
in their liquid or solid states. A Spectrum 100 (Perkin Elmer, CT, USA) or a Shimadzu IRSpirit
FTIR spectrometer (Shimadzu, MD, USA) was used to characterize secondary structure of
polypeptide and PECs. All samples were prepared in D2O at a concentration of 100 mM ( monomer
charge basis). FTIR spectra were recorded from 600 cm-1 (or 650 cm-1) to 4000 cm-1 at a spectral
resolution of 4 cm-1 with an average scan of 80 (samples examined with the Spectrum 100) or 120
(samples examined with the Shimadzu IRSpirit) at room temperature. The background scan of the
empty crystal in air was taken each time before a sample run and subtracted by the software. The
D2O spectrum was subtracted manually.

Absorbance Measurements
A Cytation5 imaging reader (Biotek Inc., VT, USA) equipped with an ultraviolet
spectrophotometer was used for the absorbance measurements of polypeptide complexes. For
turbidity measurements, absorbance was recorded at 500 nm wavelength. Polypeptides do not
absorb light at this wavelength. The relative turbidity is defined as −ln(I/I0), where I0 is the incident
light intensity, and I is the light intensity that passes through the sample volume. The turbidity was
reported in absorption units (a.u.). Three measurements were performed for each sample and
averaged, where the error bars on turbidity plots represent the calculated standard deviation of the
data. Ultraviolet-visible (UV-vis) spectra were collected using the same plate reader. Absorbance
spectra of model dyes and supernatant solutions were recorded at room temperature using a
wavelength range of 300 to 800 nm in dark 96-well plates with a transparent bottom (Costar,
Corning Inc.
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Kennebunk, ME, USA). 120-150 𝜇l aliquot of each sample was dispensed into the 96-well
plate. Samples were prepared at a total concentration of 5 mM with respect to the monomer charge
and were used immediately after the final step of mixing.

Optical Microscopy
The physical state of polyelectrolyte complexes was examined on a Cytation5 imaging
reader (Biotek Inc., VT, USA), using a 20x objective in bright-field mode. Samples were prepared
as described in polyelectrolyte complex preparation section, placed in a 96-well plate, and imaged
after 15 minutes. For fluorescence imaging of samples with bromothymol blue and thioflavin T, a
DAPI filter with an excitation wavelength of 377 nm and emission of 447 nm was used.
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CHAPTER THREE: ENGINEERING OF PEPTIDE-BASED
POLYELECTROLYTE COMPLEXES WITH INCREASED
HYDROPHOBICITY1
Introduction
In the current chapter, we have designed ionic polypeptides in order to explore the role of
hydrophobicity on electrostatic self-assembly. Hydrophobicity is another critical parameter in
polyelectrolyte complexation which is not well understood. In conjunction with electrostatic
interactions, hydrophobicity can influence oppositely charged self-assemblies via their impact on
water structuring around the interaction site [22]. Hydrophobic sites in molecules cause water
molecules to form clathrate structures and therefore, the driving force for hydrophobic associations
derives from an increase in the entropy of system due to the releasing of water molecules from
their clathrate structures upon aggregation of the hydrophobic molecule. This can result in
enhanced complexation. In a study on PECs, Sadman et al. [90], have increased the sidechain
hydrophobicity of quarternized poly(4-vinylpyridine) mixed with poly(styrenesulfonate) (as the
anionic side), to study swelling and mechanical properties using the quartz crystal microbalance

1

This chapter is adapted from an Open Access publication:
Tabandeh, S.; Leon, L. Engineering Peptide-Based Polyelectrolyte Complexes with Increased
Hydrophobicity. Molecules 2019, 24, 868. https://doi.org/10.3390/molecules24050868.
MDPI requires no permission for reusing materials from an Open Access publication. This statement is mentioned
on their website's permission page: "No special permission is required to reuse all or part of article published by
MDPI, including figures and tables."
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(QCM). Complexes with more hydrophobicity showed less absorption of salt solution indicating
a dependency of swelling behavior to the degree of hydrophobicity. Overall, the water content
within the complexes, influenced by the hydrophobicity and nature of the salt, was found to
determine the mechanical properties. Mende et al. [91], has also reported similar results on swelling
behavior where the more hydrophobic polyelectrolytes formed less swollen particles using atomic
force microscopy.

Using solid phase synthesis provides precise positioning of the monomers in a specific
pattern of our interest. This allows us to characterize the effect of both hydrophobic patterning as
well as the overall hydrophobicity on complexation and properties of PECs, which has not been
evaluated before. Furthermore, encapsulation behavior of these complexes is evaluated using a
hydrophobic model dye which provides insights for future work on drug delivery applications of
these materials for hydrophobic compounds. Moreover, it has been shown that polypeptide based
coacervate systems can successfully encapsulate proteins [92], and it is of particular interest to us
to further evaluate our hydrophobically patterned charge peptides for encapsulation of protein
therapeutics and nucleic acids.

Polypeptide Design and Synthesis
In our study, ionic polypeptides with different hydrophobic content are precisely designed
in order to explore the effect of hydrophobicity on complex formation. We have chosen three
amino acids, glycine, alanine, and leucine, due to their increased hydrophobicity index in
conjunction with the charged amino acids in each sequence of the patterned peptides.
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An important factor that can influence peptide-based polyelectrolyte complexes is the
chirality pattern of polypeptides. It has been shown that homochiral pairs of polypeptides form
solid precipitates due to the hydrogen bond formation and the ability of the polymer chains to bond
together tightly [2]. Racemic polypeptides, on the other hand, have been found to form liquid
coacervates as their chirality pattern disrupts the hydrogen bond formation of peptide backbone
[2].

This interesting characteristic of polypeptides can be utilized to tune the physical state and

properties of their complexes. Therefore, we use alternating sequences of L and D-chiral amino
acids in our patterns in order to promote complex coacervation. Two generations are considered;
a first generation with the (kX) pattern for polycations and (eX) for the polyanion sides and a
second generation with increased charge density consisting of (kKx) and (eEx) patterns for the
polycation and polyanions, respectively. K refers to lysine and E to glutamic acid. Lower and upper
cases show D and L chirality, respectively. Glycine, alanine, and leucine were considered for the
X position due to their increased hydrophobicity index, respectively. As the aliphatic side chain
increases from glycine to alanine and leucine, the hydrophobicity index is expected to increase
(see Table 1).

The hydrophobicity index of the amino acids has been determined by using high pressure
liquid chromatography (HPLC) and considering the retention time compared to glycine as the
reference [93]. The greater the retention time on an Aquapore C8 reversed-phase column, the more
hydrophobic the amino acid. The designed patterns are shown in Table 2.
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Table 1. Side chain of glycine (G), alanine (A) and leucine (L).
Glycine

Alanine

Leucine

Table 2. Chiral patterned peptides. K refers to lysine and E to glutamic acid and X shows either glycine, alanine or
leucine. Lower and upper cases show D and L chirality, respectively. Degree of polymerization is 30 for all peptide
sequences.
Peptide patterns

Polycations

Polyanions

First generation

(kX)15

(eX)15

Second generation

(kKxKkX)5

(eExEeX)5
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Results and Discussion
Polypeptide Characterization
To confirm the molecular structure and chiral pattern of the peptides, characterization
methods such as MALDI-TOF mass spectroscopy, H and F nuclear magnetic resonance (NMR),
and circular dichroism (CD) are used.

MALDI-TOF Mass Spectroscopy
The synthesized peptides in our study are characterized using MALDI-TOF spectroscopy.
The confirmation of the theoretical mass can verify the synthesis accuracy of the molecules. As
shown in Table 3, all the peptides have the actual molecular weight approximately equal to the
theoretical mass. This confirms the desired polymer synthesis process. The observed variation
which is small can be caused by the presence of counterions. Figure 6 shows mass spectroscopy
of p(eA), as an example, and Appendix A, Figure A1 shows the spectra of the other patternedpeptides.
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Table 3. Mass to charge ratio measurements of the patterned peptides using MALDI-TOF.
Peptide

m/z

Theoretical Mass

(kG)15

2810.71

2795.40

(eG)15

2825.66

2809.51

(kA)15

3021.94

3005.79

(eA)15

3064.13

3019.91

(kL)15

3665.76

3636.98

(eL)15

3698.42

3651.1

(kKg)10

3149.27

3150.99

(eEg)10

3174.31

3169.82

(kKa)10

3296.25

3291.26

(eEa)10

3327.89

3310.09

(kKl)10

3710.85

3712.05

(eEl)10

3752.90

3730.88

Figure 7. MALDI-TOF mass spectroscopy of p(eA) shows m/z value of 3064.129. The theoretical mass is 3019.91
g/mol.
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H NMR Spectroscopy
In the H NMR spectra of peptides, the -carbon hydrogen usually appears at around 4 ppm.
Due to the presence of different residues of amino acids in our sequences, the signal integration of
protons which appear at this location can be used to verify the ratio of the amino acids. The
structural unit of the first generation consists of two amino acid residues, (kX) and (eX), while the
structural unit of the second generation consists of three amino acid residues, (kKx) and (eEx). H
NMR spectroscopy analysis confirms the expected ratio of 1:1 for the structural unit of the first
generation and 2:1 for the second generation. Here, the spectrum of p(kG) is shown in Figure 7 as
an example and all other spectra are shown in Figure A2 (see Appendix A). The structural unit of
p(kG) consists of lysine and glycine. Lysine has 1 hydrogen on its -carbon and glycine has 2
hydrogens. As shown in Figure 7, the integration of the signals around 4 ppm confirms the numbers
of protons for both lysine and glycine. Therefore, the ratio of 1:1 for lysine: glycine can be
confirmed. Besides the -carbon’s hydrogen, there are other protons in the monomer unit which
are identified on the spectrum of each peptide.
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Figure 8. H NMR spectroscopy of p(kG).

CD Spectroscopy
Charged polypeptides such as glutamic acid and lysine have a random coil structure due to
the repulsive forces of the liked-charged side chains, presenting a CD signal usually with a
minimum at around 195 nm [2]. Alternating sequences of D and L-chiral amino acids, as in our
study here, are expected to show a flat signal due to the signal cancelation of opposite chirality.
First generation of peptides show a maximum near 195 nm for p(eG) and p(kG), characteristic of
random coil structure (Figure 9 (a, b)). Glycine does not have a chirality and since both lysine and
glutamic acid have D chirality in these sequences, their random coil conformation appears with a
maximum near 195 nm which usually manifested as a minimum for peptides with L-chirality.
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This maximum intensity decreases as the X position in p(kX) and p(eX) changes to alanine
and leucine, showing the opposite and additive contribution of L and D amino acids (alanine and
leucine have a L chirality in these sequences and as the sidechain length increases the effect of
signal cancelation increases). For the second generation, p(eEx) and p(kKx), adjacency of two
identical amino acids of opposite chirality (kK and eE) reinforces the signal cancelation and a
nearly flat signal is observed (Figure 9 (c, d)). Polypeptides of alternating L and D chirality has
previously shown this flat signal in CD spectroscopy [29].

Figure 9. Circular dichroism (CD) spectroscopy of the peptide sequences: (a) p(eX); (b) p(kX); (c) p(eEx); (d) p(kKx).
Peptide sequences (except sequences with glycine) show almost a flat absorbance which is due to the signal
cancellation of D and L- chiral patterns. Glycine is an achiral amino acid and therefore the positive random coil
spectra for p(kG) and p(eG) with a maximum at 195 nm attributed to the lysine and glutamic acid having D-chirality.
Repulsion of the like charges results in a random coil structure for homochiral charged polypeptides.
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FTIR Spectroscopy
Characterization of polypeptides and their complexes in the amide I region (1600-1700 cm1

) of FTIR provides information on their secondary structure. The peak at 1645 cm-1 which is the

characteristic of random coil structure [94], is observed for all polypeptides (Figure 10 (a-d)).
Polycations usually show a strong TFA counterion signal at 1673 cm-1 in their FTIR absorbance
spectrum which is due to the cleavage process in TFA and acquiring it as their counterion [95].
This strong signal can overlap with a low intensity -sheet signal at around 1680 cm-1 and can
make the spectrum interpretation difficult. To prevent this overlapping problem, the TFA
counterion is replaced by chloride ion by using a 5 mM solution of HCl to dissolve the peptide
followed by a lyophilization step (the removal process is repeated 3-4 times) for each (kX) peptide
sequence. TFA-removal is confirmed using an F NMR spectroscopy before and after the procedure
(Figure A. 3). This removal process is not performed on the second generation of peptides due to
the appearance of liquid coacervates in the optical microscopy of their complexes which will be
discussed in the complex characterization section. Therefore, the TFA signal at 1673 cm-1 is
observed for the FTIR spectra of (kKx) sequences. All polyanions show a peak at 1564 cm -1
attributed to the sidechain carbonyl stretch of glutamic acid further to the random coil peak at 1645
cm-1.

42

Figure 10. FTIR spectra of the patterned peptides at a concentration of 100 mM of charged monomer : (a) Polyanions
of (eX) sequence; (b) Polycations of (kX) sequence; (c) Polyanions of (eEx) sequence; (d) Polycations of (kKx)
sequence, containing a TFA counterion peak at 1673 cm -1. Data is normalized. All spectra have a peak at 1645 cm -1
indicative of a random coil. All polyanions contain a peak at 1564 cm-1 attributed to the side chain carbonyl stretch
of glutamic acid.

Stoichiometry and Temperature Effect on Complex Formation
The mixing ratio of the polyanion to polycation determines the available sites of
interaction. At equal stoichiometry maximum number of the charges are available to interact and
more complexation is expected. However, the effect of stoichiometry on the final charge of the
complexes is not understood well. In a recent study, complexes of nucleic acids/polylysines have
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been found to be neutral regardless of the charge ratio of the polycation to polyanion. This has
been confirmed by measuring the uncomplexed DNAs in the supernatant phase of each complex
pairs at different charge ratios indicating that the excess polyanion (or polycation) remains in the
supernatant phase not overcharging the complex phase [45]. The extent of complex formation can
be qualitatively reflected by turbidity measurement which is based on the changes in the measured
light transmission due to the size and composition of the complex phase [38].

We examine the effect of stoichiometry and temperature on the salt-free complexes by
varying the ratio of polyanion to polycation and temperature, using a total charged monomer
concentration of 5 mM. Polypeptide solutions are adjusted to pH~7 in order to be fully charged.
Both generations of peptide sequences show the highest turbidity at 1:1 stoichiometric ratio for all
complexes (Figure 11). At 1:1 ratio of polycation to polyanion, the same number of charges are
available to interact and due to the charge neutrality maximum complexation is achieved [96].

The temperature effect on polyelectrolyte complexation is also studied (Figure 11). Lower
turbidity values, indicative of less complex formation, is observed for p(kG)+p(eG) as temperature
increases verifying the fact that electrostatic interactions are the driving force for complexation.
p(kA)+p(eA) and p(kL)+p(eL) complexes on the other hand, show higher turbidity values at
increased temperatures which confirms the increase in hydrophobic interactions (Figure 11 (b,
c)). However, this temperature dependency is observed only for the stoichiometric ratios close to
1. Peptide-based complexes of polylysine and polyglutamic acid in a related study did not show
any temperature dependency under all stoichiometric ratios in the temperature range of 20-40 0C
when no salt was added to the system, and it was explained by the strong electrostatic interactions
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between oppositely charged polypeptides [38]. In contrast, by addition of salt due to the weakening
of polyelectrolytes interactions, as a result of screening effect of salt, temperature affected
complexation to a high degree, indicating a decrease in PEC formation with temperature. A
pronounced effect of temperature was reported in another work on poly(acrylic acid) and
poly(allylamine hydrochloride) complexes with the most substantial decrease of turbidity at
neutral charge ratio (1:1 stoichiometry) at higher temperatures [96].

Figure 11. Turbidity of polypeptide mixtures as a function of polycation content (mole%) at room temperature, 30
and 40 0C (5 mM concentration with respect to the total monomer charge; pH of the polypeptide solution was adjusted
to 7): (a) p(kG)+p(eG); (b) p(kA)+p(eA); (c) p(kL)+p(eL); (d) p(kKg)+p(eEg); (e) p(kKa)+p(eEa); (f) p(kKl)+p(eEl).
All plots show maximum turbidity at 50 mol% polycation. Both (a), (d), and (e) indicate decreases in turbidity with
temperature. Both (b) and (c) show increases in turbidity with temperature.

p(kKg)+p(eEg) and p(kKa)+p(eEa) show the dominance of electrostatic interactions as a
result of the higher charge density by decreased values in turbidity at higher temperatures (Figure
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3.6 (d-f)). p(kKl)+p(eEl) complexes, interestingly, show no temperature dependence at equimolar
stoichiometry but a slight increase in turbidity with temperature at 60mol%. This is an indication
of the change in the thermal behavior of these materials by increasing hydrophobicity of the
sidechain (from 1 carbon to 4 carbons). This can be an exciting platform for achieving materials
with no thermal sensitivity with a balanced ratio of electrostatic and hydrophobic interactions.

Ionic Strength and Charge Density Effect on PECs
Salt can affect the complexation of polyelectrolytes due to the screening effect on the
charge sites. Critical salt concentration (CSC) which is the salt concentration beyond which there
is no more phase separation in solution [97], is an essential key in determining the stability of
complexes under different salt conditions (such as physiological conditions) [40,97]. We examined
our PECs stability at varied salt (NaCl) concentrations using a stoichiometric ratio of polycations
and polyanions at pH=7 (total concentration of monomer charges considered to be 5 mM). Figure
12 (a) shows turbidity changes as a function of salt concentration. The peptide sequences of first
generation show a low salt resistance which increases as hydrophobicity increases. The CSC
values are 10, 15 and 75 mM for the complexes of glycine, alanine, and leucine, respectively
(Figure 12 (a)). This indicates that hydrophobicity has a stabilizing effect on PECs.

The second generation of the complex pairs, p(kKx)+p(eEx), shows higher overall CSCs
compared to the first generation, (p(kX)+p(eX)), as shown in Figure 12 (b), which can be due to
the increase in the formation of electrostatically-driven complexes as the result of higher charge
density of this generation. The CSC value for the second generation of polypeptide pairs is 105,
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115 and 120 mM for complexes with glycine, alanine, and leucine, respectively. The decrease in
turbidity with increasing salt concentration is also observed for the p(kKx)+p(eEx) complexes.

Interestingly, overall turbidity is higher for more hydrophobic complexes. This increase in
turbidity can be caused by either formation of a larger amount of PEC or a higher amount of PEC
in a given volume (higher density and consequently less water).

While we can obtain qualitative information on the complex formation using turbidity, the
actual amount of the complex phase and its composition cannot be measured directly by turbidity
measurements. Volumetric calibration is a technique that can estimate the amount of formed PEC
in each system. We use calibrated NMR tubes for volume measurements by phase separating the
complex and supernatant phase, using a centrifuge, after preparation of the complex in an NMR
tube. Furthermore, similar protocols to thermogravimetric analysis can estimate the amount of
water and polymer content of the complex phase. The water content of the complex phase is
determined by weight measurements and using an oven. The procedure is to dispense the complex
phase into alumina pans (pan weight should be measured before and after sample loading) and
transfer them into the oven, followed by a temperature treatment from room temperature to 110 0C
for 2.5 h. Then, by removing the pans and measuring their weight, we can calculate the amount of
water. The result for p(kKx)+p(eEx) sequences are shown in Figure 15 (a, b).

These preliminary results show that sequence pairs with more hydrophobic content form a
higher amount of complex, and their complex contains less water. Both scenarios contribute to
increased optical density observed for complexes with increased hydrophobicity.
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Figure 12. Turbidity measurement as a function of salt concentration: (a) p(kX)+p(eX) complexes; (b) p(kKx)+p(eEx)
complexes. Inset: close up of the range between 100mM and 140mM. Error bars are the standard deviation from
triplicate measurements.

Figure 13. Optical micrographs of complexes at different salt (NaCl) concentrations: (a), (b) and (c) p(kG)+p(eG) at
zero, 25 and 50 mM concentration, respectively; (d), (e) and (f) p(kA)+p(eA) at zero, 25 and 50 mM concentration,
respectively; (g), (h) and (i) p(kL)+p(eL) at zero, 25 and 50 mM concentration, respectively; (j), (k) and (l)
p(kKg)+p(eEg) at zero, 40 and 100 mM concentration, respectively; (m), (n) and (o) p(kKa)+p(eEa) at zero, 40 and
100 mM concentration, respectively; (p), (q) and (r) p(kKl)+p(eEl) at zero, 40 and 100 mM concentration,
respectively. Scale bars, 100µm. Bright field images are taken with a 20x objective.
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Optical microscopy images of the complexes were also taken in order to confirm the
turbidity results as well as the physical states of the complexes either being solid precipitates or
liquid coacervates (Figure 13). Micron-sized spherical droplets are recognized as liquid
coacervates and solid precipitates form irregularly shaped aggregates [28,29]. At an early stage of
the complexation and no added salt, p(kX)+p(eX) complexes form liquid droplets (Figure 14 (a),
(c), (e)). Interestingly, we observe a transition to more irregularly shaped aggregates after 30 min
as shown in Figure 14 (b), (d), (f). To evaluate whether this precipitate-like behavior is due to the
formation of hydrogen bonds, the stability of p(kX)+p(eX) complexes are studied at selected
concentrations of urea (1M and 2 M) with the same preparation steps that the complexes are studies
with salt. Urea is used due to its ability to disrupt the hydrogen bonds between the polypeptides
chains. In fact, urea itself interacts with the polar amide surface of the peptide backbone via
hydrogen bond formation and it does not affect the hydrophobic association significantly [98,99].
Optical microscopy images show the transition from precipitate-like particles to liquid coacervate
droplets. This is shown for p(kA)+p(eA) complexes from 0M urea (Figure 14 (d)) to 2M urea
(Figure 14 (p)), and also for p(kL)+p(eL) from 0M (Figure 14 (f)) to 1 M urea (Figure 14 (k)).
Looking at the optical microscopy images shown in Figure 14 (b), (h) and (n), p(kX)+p(eX) seems
to show a similar transition which due to the small size of the particles is hard to distinguish.
Decreased hydrophobic interactions, in this case, can be the cause of smaller droplet size compared
to the other complex pairs. Another interesting outcome of the urea experiment is the urea
concentration needed for the transition to liquid droplets which is higher for alanine (2M)
compared to leucine (1M), indicating more hydrogen bond stability of alanine complexes
compared to leucine. We explain that by the presence of the larger sidechain of leucine residues,
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which can disrupt hydrogen bond formation to a greater extent than alanine. The overall amount
of complex formation decreases by increasing urea concentration which is a result of weakened
ion-pair association in urea [100].

Figure 14. Optical micrographs of p(kX)+p(eX) complexes at different urea concentrations. Scale bars, 100µm. Bright
field images are taken with a 20x objective. Top row (a)-(f) at 0 M urea concentration. Middle row (g)-(l) at 1M urea
concentration. Bottom row (m)-(r) at 2 M urea concentration. Images (a),(c), (e), (g),(i),(k), (m), (o), and (q) were
taken right after mixing. While images (b), (d), (f), (h), (j), (l), (n), (p), and (r) were taken 30 minutes after mixing.

The second generation’s optical microscopy images show the formation of liquid
coacervates in all the condition having turbidity (Figure 13 (j-r)). The presence of two identical
amino acids with opposite chirality (D and L) next to each other in the repeating unit of this
generation (two lysines in p(kKx) and two glutamic acids in p(eEx)) prevents hydrogen bond
formation leading to liquid coacervate formation. In previous work on chiral patterned peptides,
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hydrogen bond disruption of the sequences formed from alternating patterns of charged residues
with opposite chirality has been demonstrated [29].
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Figure 15. Water content (%), (a), and volume (%), (b), of the complex phase of p(kKx)+p(eEx) sequences. With
increasing hydrophobicity the water content in the coacervate phase decreases showing more density of the
coacervate phase. The volume of the coacervate phase also increases with hydrophobicity.

Secondary Structure Analysis of PECs
Further to individual polypeptides, their complexes can also be characterized by the FTIR
spectroscopy in order to evaluate their secondary structure. The FTIR spectra of the complexes of
patterned sequences are shown in Figure 16 (a, b). The presence of random coil absorbance peak
at around 1645 cm-1 and the sidechain carbonyl stretch of glutamic acid at 1564cm-1 shows a
superposition of individual polypeptide peaks for the complexes. There is a very low-intensity
signal of the TFA counterion peak at 1673 cm-1 for the complexes of the second generation,
p(kKx)+p(eEx), which is already observed for the polycations of this generation. The Process of
TFA elimination from p(kKx) sequences seemed unnecessary due to the formation of liquid
coacervates under the studied conditions (confirmed by optical microscopy, see previous section
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on Stoichiometry and Temperature Effect on Complex Formation) but the appearance of solid-like
particles that could be dissolved with urea for p(kX)+p(eX) complexes, was the reason for TFA
elimination, in order to better interpret the FTIR results. Random coil structure is the dominant
conformation of the all complexes, as previously mentioned, but appearance of a large peak at
1613 cm-1 for p(kG)+p(eG) indicates β-sheet formation [101]. In addition, a low signal peak around
1686 cm-1 is observed for p(kG)+p(eG) and a shoulder at 1686 cm-1 is observed for p(kA)+p(eA)
(Figure 16 (a)). Low intensity FTIR peaks around 1680 cm-1 also indicate β-sheet formation [101],
which can explain the tendency of these complexes to behave more like solids compared to
p(kL)+p(eL). The FTIR data shows that p(kG)+p(eG) has more β-sheet content than p(kA)+p(eA).
We again attribute this increased tendency for hydrogen bonding for the less hydrophobic residues,
to their smaller size being incapable of hindering hydrogen bond formation.

Figure 16. FTIR spectra of polypeptide complexes: (a) p(kX)+p(eX); (b) p(kKx)+p(eEx). All complexes spectra show
a superposition of polycation and polyanion of each sequence. A peak at 1645 cm-1 indicative of a random coil is
observed for all spectra. The side chain carbonyl stretch of glutamic acid peak at 1564 cm-1 is also observed.
p(kG)+p(eG) shows characteristic peaks of -sheet formation at 1613 and 1686 cm-1 and p(kA)+p(eA) shows a
shoulder at 1686 cm-1 indicative of -sheet formation. p(kL)+p(eL) and p(kKx)+p(eEx) complexes show dominance
of random coil conformation.
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Encapsulation of a Hydrophobic Compound in PECs
As discussed in chapter one, the encapsulation behavior of polyelectrolyte complexes is
crucial in their utility applications in the food and pharmaceutical industries. We used a non-ionic
dye, bromothymol blue (BtB), in order to evaluate the encapsulation ability of the complexes. All
PEC solutions were prepared at a final concentration of 5 mM with respect to the monomer charge
and 10 µM of the dye. Salt was added only to the p(kKx)/p(eEx) complexes in order to increase
droplet size for imaging (NaCl: total concentration 40 mM). After complexation of
polyelectrolytes with BtB, the samples were centrifuged for 15 min at 10,000 rpm. The supernatant
was then carefully removed using a micropipette and transferred into cuvettes (pathlength= 1 cm)
for absorbance measurements using a UV-vis spectrophotometer.

The absorbance spectra of all supernatant solutions and free dye in the solution are shown in
Figure 17(a, b). They all show a maximum at 617 nm, as expected for BtB at pH 7 [102]. The dye
content of each supernatant solution was calculated using the Beer-Lambert Law, in which the free
dye was used to obtain a precise molar extinction coefficient. Using the Beer-Lambert law the
unknown concentration is estimated by the known values of absorbance, molar absorptivity and
pathlength of the light:
𝐴

𝑐 = 𝑏𝜀

(4)

where c is the concentration (M), A is the absorbance, b is the pathlength (cm) and  is the
molar absorptivity (M-1cm-1). The encapsulation efficiency within the complex phase is then
calculated based on the following equation:
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𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 100 −

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑦𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑝ℎ𝑎𝑠𝑒
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑦𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

(5)

Figure 17. UV-vis curves of BtB in aqueous solution and in the complex supernatant: (a) p(kX)+p(eX) complexes; (b)
p(kKx)+p(eEx) complexes. λmax observed at 617 nm. Total concentration of samples was 5 mM with respect to the
monomer charge and 10 µM of the dye. The amount of dye in the supernatant phase decreases with increasing
hydrophobicity of the sequence.

Table 4. Encapsulation of bromothymol blue (BtB) in polypeptide complexes determined using UV-vis spectroscopy.
Supernatant solution

Dye concentration

Sequestration in the

(µM)

complex phase (%)

Bromothymol blue

10

-

p(kG)+p(eG)

5.59

44.1

p(kA)+p(eA)

5.25

47.5

p(kL)+p(eL)

2.15

78.4

p(kKg)+p(eEg)

7.89

21.1

p(kKa)+p(eEa)

7.49

25.1

p(kKl)+p(eEl)

4.12

58.8
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The absorbance intensity of the supernatants decreases as the hydrophobicity of complexes
increases indicating more encapsulation of BtB in the complex phase (Table 4). Hydrophobicity
is the driving force for BtB interaction with the PECs, and the enhancement of hydrophobicity
within the complex leads to higher sequestration of BtB with more hydrophobic sequences [103].
Overall the p(kX)+p(eX) sequences were able to encapsulate more dye than the p(kKx)+p(eEx)
sequences due to their increased hydrophobic content (15 non-charged monomers versus 10 noncharged monomers). Therefore, p(kL)+p(eL) which has the highest hydrophobicity compared to
the other complex pairs is expected to have stronger interactions with the hydrophobic dye (BtB)
in the complex phase and to show the best encapsulation efficiency as confirmed by the UV-vis
measurements (Table 4). Fluorescence imaging of the complexes before centrifugation, as in
Figure 17 (a, b), shows a higher intensity within PECs compared to the background for
p(kL)+p(eL) and all 3 p(kKx)+p(eEx) sequences indicating preferential encapsulation to the PEC.
This is also a confirmation of the observed UV-vis results indicating the decrease of the dye
absorbance in the supernatant phase and the increase of its absorbance in the complex phase by
increasing the hydrophobicity. For p(kG)+p(eG) and p(kA)+p(eA), the fluorescence appears
uniformly distributed throughout the image, this is likely due to the decreased encapsulation
efficiency of these sequences compared to p(kL)+p(eL) and the fact that the same imaging
intensity was used for the entire p(kX)+p(eX) series.
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Figure 18. Optical micrographs of complexes (a) p(kX)+p(eX)with 15 µM BtB and (b) p(kKx)+p(eEx) with 10 µM
BtB. Left images are brightfield, while the right images are fluorescence images taken with a DAPI filter that has an
excitation wavelength of 377 nm and emission of 447 nm. All images in (a) were taken with the same fluorescence
intensity in order to visually discern differences in encapsulation. All images in (b) were also taken at the same
fluorescence intensity, but the intensity of (a) and (b) are different. Scale bars, 100µm.

Conclusion
In this chapter, we presented two different designs of hydrophobically patterned ionic
polypeptides that were used to study the effect of hydrophobicity on polyelectrolyte complexes.
The peptides were designed to have alternating chiral patterns in order to suppress hydrogen
bonding interactions and promote complex coacervate formation over solid precipitates. However,
the first design containing an alternating pattern of D-charged monomer and L-hydrophobic
monomer, p(kX)+p(eX), formed irregularly shaped complexes that transitioned to spherical
droplets in the presence of urea, confirming hydrogen bond formation. This solid-like behavior
was most prominent for sequences with smaller side chains indicating that larger hydrophobic
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amino acids incorporated into this pattern could potentially suppress hydrogen bonding
completely. This would allow the creation of highly hydrophobic ionic polypeptides that form
liquid coacervate phases. The second set of sequences had an alternating pattern of identically
charged D and L-monomers, which suppressed hydrogen bonding and resulted in liquid coacervate
formation, but had a decreased amount of hydrophobic content.

Overall, the stability of the complexes increased with increasing hydrophobic content,
when electrostatic contributions were kept constant. However, peptides designed with increased
charge density were much more stable, as expected, due to the increasing electrostatic interactions.
By varying the amount of hydrophobic interactions, we showed that we could enhance complex
formation with increasing temperature, which normally suppresses complex formation. This
mechanism could be used to design new temperature sensitive materials. Moreover, we showed
that encapsulation efficiency of a model hydrophobic dye increases with the hydrophobicity of the
sequence. This current method of patterning and self-assembly of peptides can provide a promising
approach to explore their application as drug delivery carriers that contain both charged biologics,
like nucleic acids and proteins, as well hydrophobic drugs. This is especially relevant given that
the peptides we designed can be modified to include non-charged polymers that stabilize complex
formation on the nanoscale [2,15,104] and can also be decorated with targeting elements [16].
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CHAPTER FOUR: THE EFFECT OF 𝜋-INTERACTIONS ON
POLYELECTROLYTE COMPLEXES1
Introduction
Entropy gain from the release of adsorbed counterions and dehydration, as discussed in
chapter one, is believed to be the main driving force for association of oppositely charged
polyelectrolytes in aqueous solutions [31-33,105-107]. However, short-range forces such as
hydrogen bonding and hydrophobic interactions can also be involved in the complex formation
process [2,9,28,45,90,91]. Hydrogen bonding between the sequence pairs results in strong
interactions and the formation of a compact structure. However, introducing steric effects via
sequence patterning can disrupt hydrogen bonding and the physical state of the complexes. For
example, heterochirality in ionic peptide pairing promotes liquid coacervation [2]. Hydrophobicity
also affects the polyelectrolyte complexation process. We showed in chapter three that
hydrophobicity can control phase behavior and properties of polyelectrolyte complexes, resulting
in an improved stability against salt and temperature [28].

1

This chapter is reprinted from an Open Access publication:
Tabandeh, S.; Lemus, C.E.; Leon, L. Deciphering the Role of π-Interactions in Polyelectrolyte Complexes Using
Rationally Designed Peptides. Polymers 2021, 13, 2074. https://doi.org/10.3390/polym13132074
MDPI requires no permission for reusing materials from an Open Access publication. This statement is mentioned
on their website's permission page: "No special permission is required to reuse all or part of article published by
MDPI, including figures and tables."
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Cation-𝜋 and 𝜋-𝜋 interactions are among the non-covalent interactions that play important
roles in biology and the design of self-assembled materials [108,109]. A 𝜋-𝜋 interaction is the
attractive force between aromatic rings due to the presence of 𝜋-electron clouds [110], while a
cation-𝜋 interaction is the attraction force between the positive charge of a cation and the negative
face of an aromatic ring [111]. However, some geometric configurations are preferred in driving
the 𝜋-interactions of proteins. Hunter et al. studied structural orientations of 𝜋-𝜋 interactions in
proteins using phenylalanine residues in their analysis [112]. They reported a dominance of
electrostatically favorable geometries such as edge-to-face, and concluded that face-to-face
orientations are less favorable in the 𝜋-stacking of aromatic rings. Similar to polyelectrolyte
complexes, the release of ordered water molecules as the result of intermolecular interactions
causes 𝜋-interactions to be entropically driven [110].

𝜋-interactions play an important role in biological liquid-liquid phase separation [13,113115]. Biomolecular condensates such as nucleoli, P bodies, and stress granules are formed through

liquid-liquid phase separation and lack a surrounding membrane [11]. These membraneless
condensates are enriched in proteins and nucleic acids, performing versatile functions such as
signaling and protection of cellular components [116]. The lack of membrane allows rapid response
to the environmental changes, and their selective compartmentalization and entry of biomolecules
to the condensates distinguish them from membrane-bound organelles such as mitochondria,
nucleus, and Golgi apparatuses [61,117,118]. The importance of cation-𝜋 interactions on the stability
of membraneless organelles has been shown in a study by Nott et al. [13]. They showed that
electrostatic attraction between oppositely charged residues and cation-𝜋 interactions between
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repeated sequences of FG and RG govern the phase separation of Ddx4 proteins. They also realized
that FG sequences are spatially close to positively charged dipeptides (RG), and substitution of
aromatic (F) with non-aromatic residues (A) disrupts phase separation. The supportive effect of
cation-𝜋 interactions in phase separation of proteins has also been shown by cation-𝜋 pairing of
arginine with tyrosine residues of the RNA binding protein FUS [119]. In addition to liquid
droplets, self-assembly in biological systems can lead to aggregation. Well-known examples of
these aggregate formations are amyloid fibrils that cause diseases such as Alzheimer’s, type II
diabetes, and prion diseases [120]. Aromatic residues have been found in amyloid-related
polypeptides, supporting the role of 𝜋-interactions in amyloid fibril formation.

Das et al. evaluated physical forces that affect liquid-liquid phase separation of proteins
using coarse-grained residue-based protein chain models [121]. They pointed out that 𝜋-𝜋
interactions have a supportive effect on the hydrophobic, electrostatic, and cation-𝜋 interactions in
the phase separation process. For instance, the guanidinium group of arginine packs with aromatic
rings and provides stronger arginine-𝜋 over lysine-𝜋 contacts, resulting in a more favorable
interaction with arginine over lysine. Otherwise, considering only their charge, arginine and lysine
would have similar average contact energies [122].
Furthermore, 𝜋-interactions can tune the self-assembly process of materials. In a study by
Ghosh et al. [123], pyrene conjugation to FF dipeptides resulted in β-sheet-rich structures due to
the synergistic effect of 𝜋-interactions and intermolecular hydrogen bonding.
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On the contrary, another chromophore with fewer aromatic rings, naphthalene, did not
show effective 𝜋-stacking upon conjugation to FF and showed similar behavior to the control
molecule without chromophore. The stabilization effect of 𝜋-interactions on self-assembled
peptides was also shown by Wychowaniec et al., where they reported that using phenyl-glycine
residues in ionic tetra-peptides helps stabilize β-sheet domains through formation of
intermolecular 𝜋-stacking and a compact structure [124]. 𝜋-interactions can also drive the selfassembly of like-charged polyelectrolytes such as mussel foot protein-1 and poly(2(trimethylamino)ethyl methacrylate), both positively charged, via cation-𝜋 bonding [125]. The
trimethylammonium group interacts with the tyrosine of mussel foot protein-1 and establishes
cation-𝜋 bonding. Additionally, 𝜋-interactions have been used in biomaterials design such as selfassembled

hydrogels

used

for

3-D

cell

culture

applications.

Upon

self-assembly,

fluorenylmethoxycarbonyl (FMOC)-aromatic dipeptides have shown stability at physiological
conditions and cell proliferation support due to their 𝜋-interactions [126].

Given the significance of 𝜋-interactions in biological systems, it is necessary to understand
the effect of cooperative interactions that control the phase separation process. We previously
evaluated the effect of hydrophobicity on the phase separation behavior of polyelectrolyte
complexes [28]. We used a rational design of hydrophobically-patterned ionic polypeptides and
showed that enhanced hydrophobicity results in more stable complexes with higher encapsulation
efficiency for a model hydrophobic molecule.
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Current work focuses on polypeptide complex formation where other interactions such as
𝜋-𝜋 and cation-𝜋 are also involved. We apply a sequence patterning of charged and non-charged
residues to synthesize a library of six polypeptides. Phenylalanine is used as the non-charged
residue due to its hydrophobicity and aromatic ring in the side chain. We then change the noncharged site by placing a phenylalanine derivative with a fluorine substituent on the aromatic ring
which has been shown to disrupt 𝜋-interactions [127]. Then, we evaluate how 𝜋-interactions,
together with simpler electrostatic forces, hydrogen bonding, and hydrophobic interactions,
influence polypeptide complex formation. Furthermore, we compare the compartmentalization
behavior of complexes using a model dye, methylene blue, that contains delocalized electrons, and
is not highly encapsulated while relying just on electrostatic interactions [128].

Results and Discussion
Sequence Patterning of Charged Phenylalanine Peptides
We have designed three sequence pairs with phenylalanine and its derivative, 4-fluorophenylalanine (Table 5). Each sequence pair with 30 amino acid residues is synthesized by solid
phase synthesis process (SPPS) as described in the Materials and Methods section. The first
sequence pair has an alternating pattern of D-lysine or D-glutamic acid and L-phenylalanine ((kF)
and (eF), respectively). The second sequence pair has a higher charge density by placing two
lysines or two glutamic acids in a structural unit. The last sequence pair has a similar structural
design as the first sequence (one charged and one non-charged residue), but we have substituted
phenylalanine with 4-fluoro-phenylalanine ((fl)F). All molecules are summarized in Table 5. A
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relative comparison of the different molecular interactions present (ionic, hydrophobic, π) in the
designed sequence pairs is shown in Figure 19.

The reason for the alternating use of D and L-chiral amino acids in our designs is because
alternating chiral patterns can inhibit hydrogen bonding and thus promote liquid coacervate phases
using peptide-based polyelectrolytes [2,29,47]. The molecular weight of synthesized polypeptides
was determined by MALDI-TOF mass spectrometry. The measured mass to charge ratio of
samples verifies the expected molecular weight and accuracy of the synthesis process (Appendix
B Figure 1 and Appendix B Table 1). A small variation in the measured molecular weight versus
the expected molecular weight can be due to the presence of counterions. Here, the difference
between measured molecular weights and theoretical values is between 24 to 29 Daltons. We
attribute this difference to the mass of sodium ions present in the matrix-sample mixtures [129]. H
NMR was used to assess the structural composition and correct ratio of amino acids in each peptide
sequence. The molecular structures and the signals assigned to hydrogens within molecular
structures are shown in Appendix B Figure 2, confirming the correct proportion of amino acids.

Table 5. Sequence pairs of phenylalanine peptides with their measured mass-to-charge ratio, using MALDI-TOF mass
spectroscopy. K and E refer to lysine and glutamic acid, respectively. F refers to phenylalanine and (fl)F represents
4-fluoro-phenylalanine. Lower and upper cases are representative of D and L chirality, respectively. All sequences
have a degree of polymerization of 30.
Polycations
(kF)15
(kKfKkF)5
(k(fl)F)15

m/z (g/mol)
4174.24
4077.47
4443.6

Polyanions
(eF)15
(eEfEeF)5
(e(fl)F)15

m/z (g/mol)
4185.57
4097.66
4460.08
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Figure 19. Relative comparison of the different molecular interactions present in the designed peptide sequence pairs.
The magnitudes of each interaction (hydrophobic, ionic, and π-interactions) are approximate for the sake of
comparison.

Circular Dichroism (CD) of Phenylalanine Peptide Sequences
As mentioned in previous chapters, the far-UV CD spectra (190–250 nm) provide
information on the chiral pattern and secondary structure of polypeptide sequences. CD spectra of
highly charged polypeptides usually show a random coil signal due to the repulsion of like-charged
groups with a characteristic minimum around 195 nm. However, the designed peptide sequences
in our work have an alternating pattern of D and L-chirality, which leads to canceling of the
difference between left and right circularly polarized light leading to a flat CD absorbance [29],
hence, making the secondary structure interpretation challenging. Absorbance spectra of
polycations and polyanions are shown in Figure 20. Polypeptides with (kX) and (eX) patterns (X
being phenylalanine or 4-fluoro-phenylalanine) indicate a nearly flat absorbance due to signal
cancellation arising from the alternating chirality of the sequence. Fluorinated phenylalanine
sequences, p(k(fl)F) and p(e(fl)F), demonstrated almost the same spectra compared to the nonfluorinated counterparts, p(kF) and p(eF).
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This result suggests that fluorine substitution on the phenylalanine ring of (kF) and (eF)
might not affect their secondary structure. Budisa et al. observed similar behavior in their work on
Candida Antarctica lipase B. The secondary structure profile of Candida Antarctica lipase B did
not change by replacing phenylalanine residues with 4‐fluoro-phenylalanine [130]. p(kKf) and
p(eEf) sequences show a similar flat absorbance profile as other sequences and a minimum near
195 nm.

(a)

(b)

Figure 20. Circular dichroism (CD) spectra of (a) polycation and (b) polyanion sequences. Signal cancellation from
opposite chirality results in almost a flat signal; otherwise, due to the like-charged groups on each patterned sequence,
a random coil signal (usually with a minimum (or maximum for D-chirality) at 195 nm) can be observed.

Secondary Structure Analysis of Phenylalanine-contained Sequences and Sequence Pairs
FTIR spectroscopy was used to elucidate the cooperative effect of π-interactions,
electrostatic, and hydrophobic forces on the structural conformation of polypeptides and their
sequence pairs. The carbonyl stretching vibration of the peptide’s backbone gives rise to signals
in the amide I region (1600 to 1700 cm−1) using FTIR spectroscopy, providing information on the
secondary structure [131].
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In the amide I region, secondary structure sensitivity arises from hydrogen bonding of the
backbone carbonyl groups and the transition dipole coupling of neighboring amide groups
[132,133].

The absorption bands in this region are characteristic of different structural

conformations of peptides such as random coil, α-helix, β-sheet, and β-turn [134]. Individual
sequences, as shown in Figure 3, show a peak at 1645 cm−1, indicating an unordered structure [135].
For polyanion sequences, there is another peak at 1564 cm−1 attributed to the carbonyl stretching
of the glutamic acid sidechain. The signal peak at around 1510 cm−1 is associated with the carboncarbon stretching vibration in the aromatic ring of fluoro-phenylalanine sequences [136].
Trifluoroacetic acid (TFA) binds to polycations after the cleavage process and remains as their
counterion. TFA shows a strong signal at 1673 cm−1 which can interfere with the β-sheet
absorption band at around 1680 cm−1 [137,138]. Therefore, we replaced the TFA counterion of the
polycations with a chloride ion by repeating a dissolution-lyophilization procedure, 3–4 times, in
a dilute hydrochloric acid (HCl) solution (5mM).
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(a)

(b)

Figure 21. FTIR spectra: (a) polycation; (b) polyanion sequences. The peak at around 1645 cm−1 is characteristic of
the unordered (random coil) conformation. The signal at 1564 cm−1 is due to the sidechain stretching of the carbonyl
group of glutamic acid. The signal for the carbon-carbon stretching vibration of the fluoro-phenylalanine aromatic
ring is observed at 1510 cm−1.

Figure 22 shows FTIR spectra of the polypeptide pairs. A peak at around 1625 cm−1 is
observed for all systems and is characteristic of β-sheet formation [131]. We performed
deconvolution analysis of the amide I spectral region of sequence pairs to obtain more detailed
information on the overlapped peaks (Appendix B Figure 3). Curve-fitting analysis was performed
using Origin software. Band assignments and attributed secondary structure are summarized in
Table 6. An amide I peak in the range of 1615–1640 cm−1 corresponds to β-sheet formation
[138,139].

Deconvolution analysis of the p(kF)+p(eF) spectrum presents the highest amount of β-

sheet conformation than other sequence pairs, followed by the higher charged-density pair,
p(kKf)+p(eEf), and then the fluorinated-phenylalanine sequence pair, p(k(fl)F)+p(e(fl)F).
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Figure 22. FTIR spectra of sequence pairs: p(kF)+p(eF), p(kKf)+p(eEf), and p(k(fl)F)+p(e(fl)F). The peak at around
1625 cm−1 is characteristic of β-sheet formation, overlapping with the random coil conformation signal at around
1645 cm−1. Glutamic acid sidechain carbonyl stretching is observed at 1564 cm−1. The signal at 1510 cm−1 and a lowintensity shoulder at 1603 cm−1 are associated with the carbon‐carbon stretching vibration of the fluorophenylalanine aromatic ring.

These patterned sequences contain both charged and hydrophobic aromatic residues,
providing an opportunity for charge-charge, cation‐π, π‐π, and hydrophobic interactions. The
interplay among these interactions can influence the stability of polyelectrolyte complexes.
p(kF)+p(eF) has all possible interactions, i.e., ionic, cation‐π, π‐π, and hydrophobic pairing,
leading to increased hydrogen bonding. p(kKf)+p(eEf), on the other hand, with higher charge
density, is less hydrophobic and has less aromatic content (33.3% vs. 50%) compared to (kF)+(eF)
system. Furthermore, the presence of two identical amino acids with opposite chirality in the
structural unit of p(kKf)+p(eEf) can disrupt hydrogen bonding to a greater extent than
p(kF)+p(eF). We previously showed that such sequence pattering disrupts hydrogen bonding and
causes liquid complex formation, by comparing p(kA)+p(eA) with p(kKa)+p(eEa) [28]. Here, the
interplay between ionic, hydrophobic, and π-interactions can lead to a synergetic effect resulting
in the stabilization and aggregation of these complexes.
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Increasing hydrophobic and π-interactions has been reported to cause stronger bonds and
solid formation in the RNA-binding protein FUS when Murthy et al. replaced all tyrosine residues
with phenylalanine [140]. p(k(fl)F)+ p(e(fl)F) has a fluorine substituent on the aromatic ring of the
phenylalanine residues which has an inhibitory effect on the cation‐π interactions [127]. The high
electronegativity of fluorine withdraws electron density from the phenylalanine ring and hence,
weakens the cation–π attraction. However, other interactions such as electrostatic forces and
hydrophobic effects contribute to the stabilization and aggregation of p(k(fl)F)+p(e(fl)F).

Table 6. Deconvolution analysis of FTIR spectra for sequence pairs. The curve fitting procedure is applied using
Origin software. The area under the curves is measured with the Gauss function. Each secondary structure percentage
is calculated by dividing the area of its assigned peak by the total area in the 1610–1700 cm−1 range. Peaks center
around 1610, 1625, 1645, and 1680 cm −1 are considered in the secondary structure analysis.

Secondary Structure

1

p(kF) + p(eF)

Sequence Pairs
p(kKf) + p(eEf)

p(k(fl)F) +
p(e(fl)F)
β-Sheet (1615-1640 cm−1)
73.2%
31.5%
24%
−1
Random Coil (1639-1654 cm )
8.4%
63%
76%
β-Sheet (1670-1694 cm−1)
18.4%2
5.5%
1
The secondary structure ranges are adapted from Ref. [138].2 This signal is centered around 1664±5 cm−1.

Stabilization of phase-separated intrinsically disordered proteins by π‐interactions has been
reported previously. In a study on histidine-rich squid beak proteins (HBPs), Gabryelczyk et al.
showed that condensation of HBPs initiates primarily by deprotonation of histidine and hydrogen
bonding with tyrosine residues, and their stabilization depends on following π-stacking of tyrosine
residues [141].
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We further explored how decreased π-interactions between the polypeptide pairs can affect
the secondary structure of complexes. We selected three ionic sequences with varying hydrophobic
content, already made in-house [28] (please see chapter three), as a polypeptide pair with the p(eF).
Figure 5 shows FTIR spectra of p(kG), p(kA), and p(kL), with increasing hydrophobic content,
respectively, pairing with the p(eF) sequence. Deconvolution of the FTIR spectra is shown in
Appendix B Figure 4.

(a)

(b)

Figure 23. FTIR spectra of sequence pairs: (a) p(kG), p(kA), and p(L) with p(eF); (b) p(kL) sequence paired with
p(eF), and p(e(fl)F). All sequence pairs show the characteristic random coil signal at around 1645 cm −1. The signal
at 1564 cm−1 is due to the sidechain stretching of the carbonyl group of glutamic acid. The peak at 1510 cm −1 and
also a low intensity signal at around 1603 cm−1 are indicative of carbon‐carbon stretching vibration in the aromatic
ring of fluoro-phenylalanine.

The secondary structure analysis of deconvoluted spectra is shown in Table 7. These
sequence pairs show less overall β-sheet formation than previous complexes, where both
sequences have aromatic residues. We believe that the lack of π‐π interactions between the
polypeptide pairs results in weaker interactions and less β-sheet formation even though the cation‐
π interactions are still present.
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p(kL)+p(eF) is the only pair with an assignment band at around 1625 cm−1 compared to the
sequence pairs of p(kG)+p(eF), and p(kA)+p(eF). Although there is some β-sheet contribution at
higher wavelengths (1670–1695 cm−1) for p(kG)+p(eF), 17.8%, and p(kA)+p(eF), 8.6%, the band
centered around 1625 cm−1 is the main contribution to strong β-sheet formation in crystallized
proteins [142,143].
The strong β-sheet contribution and also increased hydrophobicity cause p(kL)+p(eF) to
form a compact structure with a solid precipitate appearance, while p(kG)+p(eF) and p(kA)+p(eF)
form liquid coacervates (Figure 24). Likewise, p(kF)+(eF), p(kKf)+p(eEf), and p(k(fl)F)+p(e(fl)F)
all have high β-sheet content at around 1625 cm−1, indicating strong interactions between the
chains and result in solid complexes as shown in the left-hand side of Figure 24. With the same
sequence patterning of alternating chirality, we previously reported that enhanced sidechain length
provides more steric hindrance and disrupts hydrogen bonding [28]. Here, we observe that πinteractions and hydrophobic effects can have a dominant role in secondary structure formation.
These interactions can promote strong bonding and result in solid complexation.
To further elucidate the interplay between π-interactions and hydrophobic interactions, we
replaced p(eF) with the fluorinated polyanion, p(e(fl)F) in sequence pairing with the p(kL). The
FTIR spectrum of p(kL) + p(e(fl)F) is shown in Figure 23(b) and the secondary structure analysis
is shown in the last column of Table 7.
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Table 7. Deconvolution analysis of FTIR spectra of sequences p(kG), p(kA), and p(kL) paired with p(eF), and p(kL)
paired with p(e(fl)F). The curve fitting procedure is applied using Origin software. The area under the curves is
measured with the Gauss function. Each secondary structure percentage is calculated by dividing the area of its
assigned peak by the total area in the 1610–1700 cm−1 range. Peaks center around 1610, 1625, 1645, and 1680 cm −1
are considered in the secondary structure analysis.
Secondary Structure1

Complex Pairs
p(kG)+p(eF)

p(kA)+p(eF)

p(kL)+p(eF)

p(kL)+p(e(fl)F)

β-Sheet (1615–1640 cm−1)
21.77%2
30.1%
−1
Random Coil (1639–1654 cm )
82.2%
91.4%
78.23%
65.5%
β-Sheet (1670–1694 cm−1)
17.8%
8.6%
4.4%
1
The secondary structure ranges adapted from Ref. [138]. 2 The value is correlated to two signals, 1615 cm−1:
10.33% and 1631 cm−1: 11.44%.

Interestingly, the amount of β-sheet formation increases in p(kL)+p(e(fl)F) complexes
compared to p(kL)+p(eF) complexes. We again attribute this increased β-sheet formation to
greater hydrophobicity of p(e(fl)F) compared to p(eF). It is worth noting that p(kL)+p(e(fl)F) also
contain greater β-sheet content in FTIR analysis than p(k(fl)F)+p(e(fl)F) likely due to the larger
side-chain of p(k(fl)F) compared to p(kL), which can disrupt hydrogen bonding, resulting in a less
compact structure.
To provide further evidence in support of the observed β-sheet formation in FTIR, we
investigated the effect of thioflavin T (ThT) on complexes. ThT is a benzothiazole dye that
becomes highly fluorescent when binding to protein aggregates [144]. Once in solution, aromatic
rings of ThT, benzylamine, and benzathiole, rotate freely around a carbon-carbon bond that
connects them. By this rotation, they can quench the excited states produced by photon excitation.
Upon binding to β-sheet sites such as in amyloid fibrils, the rings become immobilized and can
maintain the excited state, resulting in high fluorescence intensity [145].
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Fluorescence imaging of the complexes in Figure 24 shows increased fluorescence
intensity upon mixing of ThT with β-sheet-rich peptide pairs. ThT in aqueous solution shows a
very weak fluorescence that was subtracted from all images using ImageJ software. No
fluorescence intensity is observed for liquid complexes, p(kG)+p(eF) and p(kA)+p(eF), suggesting
insufficient β-sheet formation. The fluorescence intensity of all other sequence pairs confirms
fluorescence activation of ThT upon binding to aggregates. The p(kL)+p(e(fl)F) sequence pair also
shows fluorescence intensity upon addition of ThT, confirming the presence of β-sheet-rich
domains (Appendix B Figure 5).

(a)

(b)

Figure 24. Optical and fluorescence images of complexes with thioflavin T (ThT). The concentration of ThT is 20 μM
and all complex solutions were prepared at a total concentration of 5 mM with respect to the monomer charge. (a);
(b) right and left panels show bright field and fluorescence images, respectively. DAPI filter with Ex/Em of 377/447
nm was used for fluorescence imaging. All images were taken under the same conditions. All sequence pairs except
p(kG) + p(eF) and p(kA) + p(eF) present fluorescence, indicating β-sheet formation. Scale bars, 50 µm.
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Stability of Complexes Pairs Against Salt
Turbidity measurements of polypeptide pairs provide qualitative information on the extent
of complex formation [96]. Ionic association of oppositely charged polyelectrolytes decreases at
increased salt concentrations due to the screening effect of salt on the charged groups [37,38,42].
Therefore, we can examine the interplay between ionic and non-ionic interactions at varied salt
concentration and their influence on complex formation using turbidity measurements.

The change in turbidity at varied sodium chloride (NaCl) concentrations is shown in Figure
25 (a). At low salt concentrations the turbidity increases for p(kF)+p(eF) and p(k(fl)F)+p(e(fl)F)
sequence pairs. This enhanced turbidity can be explained by the higher degree of swelling of
complexes or their flocculation at lower ionic strengths [146]. In the low concentration range of
salt, the complexes swell and become larger causing a higher scattering intensity [39]. At higher
salt concentrations, the turbidity decreases due to the screening effect of salt. Turbidity of
p(kKf)+p(eEf) decreases as NaCl concentration increases until it reaches the critical salt
concentration at 900 mM, beyond which no phase separation is observed. The screening effect of
salt is more pronounced on this sequence pair compared to p(kF)+p(eF) and p(k(fl)F)+p(e(fl)F)
due to its higher charge density. Although increased charge density has been shown to increase the
amount of complex formation and stability against salt [147,148], the combination of electrostatic,
hydrophobic, and π-interactions results in higher stability against salt as shown with both
p(kF)+p(eF) and p(k(fl)F)+p(e(fl)F) sequence pairs that have high turbidity values even at 4 M of
added salt. Li et al. [149], also observed a turbidity plateau at high salt concentrations, indicative
of high salt resistance, for polyacrylic acid and polyallylamine hydrochloride complexes. They
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attributed this salt stability to non-electrostatic interactions such as hydrophobicity and hydrogen
bonding. Lower turbidity values of p(k(fl)F)+p(e(fl)F), at increased NaCl concentrations,
compared to p(kF)+p(eF) can be caused by reduced π-interactions as the result of fluorine
substitution on the phenylalanine ring. The phase behavior of complexes at examined salt
concentrations was also investigated by optical microscopy as shown in Figure 24 in the absence
of salt. The p(kF)+p(eF), p(kKf)+(eEf), and p(k(fl)F)+p(e(fl)F) images all show amorphous solids
at all salt conditions (Appendix B Figure 6). Interestingly, no phase transition from solid to liquid
occurs with increasing salt in this system, unlike what has been observed for other polyelectrolyte
complexes [30,45]. These results coincide with other polypeptide complexes that contain hydrogen
bonding, where salt eventually prevents complex formation, but the complexes are always solid
[2]. Here the salt stability is even higher suggesting that hydrophobicity and π-interactions stabilize

the complexes at high ionic strengths.
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(a)

(b)

(c)
Figure 25. Turbidity measurements of sequence pairs: (a) at varied concentrations of sodium chloride (NaCl); (b) at
varied concentrations of calcium chloride (CaCl2); (c) at varied ionic strengths of NaCl (solid lines) and CaCl2 (dotted
lines). High stability is observed for p(kF) + p(eF) and p(k(fl)F) + p(e(fl)F) against both salts. p(kKf) + p(eEf), with
higher charge density, is more sensitive to the screening effect of salt, showing a critical salt concentration at 900
and 150 mM for NaCl and CaCl2, respectively. All sequence pairs were prepared at equal stoichiometry with a total
concentration of 5mM with respect to the monomer charge.

We further examined the stability of complexes against a divalent salt, calcium chloride
(CaCl2). As shown in Figure 25(b), the overall turbidity values of complexes in CaCl2 are lower at
the same concentration compared to NaCl. Comparison of turbidity values at an equivalent ionic
strength of salts, as per Figure 25(c), also indicates a more inhibitory effect on the complex
formation of calcium ions compared to sodium ions.
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This difference can be explained by the Hofmeister series, where the more chaotropic
nature of the calcium ion compared to the sodium ion, tends to promote salting-in behavior and
increases protein solubility and unfolding [150,151]. In addition, p(kKf)+p(eEf) has a lower critical
salt concentration (150 mM) in CaCl2 (confirmed using optical microscopy in Appendix B Figure
6) versus NaCl. The same trend is apparent when comparing ionic strength as seen in Figure 25(c).
Perry et al. also observed greater efficiency of divalent salts in decreasing complex formation
compared to monovalent salts that was explained by the increased solubility of the polyelectrolyte
[39]

. Interestingly, we observed higher turbidity values for p(k(fl)F)+p(e(fl)F) compared to

p(kF)+p(eF) in CaCl2. Since later salts in the Hofmeister series weaken hydrophobic interactions,
higher turbidity values of (k(fl)F)+p(e(fl)F) can be attributed to its higher hydrophobicity
compared to the p(kF)+p(eF) sequence pair and higher stability against CaCl2.

Krainer et al. also reported that non-ionic and hydrophobic interactions govern phase
separation at high salt concentrations [152]. They found that in the high-salt regime, where
electrostatic interactions are no longer involved and screened out, the π‐π pairing has a dominant
role in stabilizing complexes. Furthermore, they studied the stability of π-involved interactions at
high salt concentrations by analyzing cationic and aromatic amino acid pairs. For instance, in the
low-salt regime, charged groups of lysine interact with aromatic groups of phenylalanine (cation‐
π interaction). The interaction then changes at high-salt conditions (3 M NaCl) to the interactions
between the methyl groups of lysine and the aromatic rings of phenylalanine (hydrophobic
interaction). We also investigated the effect of decreased π-interactions on salt stability by
examination of p(kG), p(kA), and p(kL) sequence pairing with the p(eF) sequence at varied NaCl
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concentrations. As shown in Figure 26 (a), p(kG)+p(eF) and p(kA)+p(eF) complexes show a
critical salt concentration of 60 mM, while p(kL)+p(eF) has a high salt resistance. Bright-field
microscopy images of complexes at different salt concentrations, as shown in Appendix B Figure
7, indicate the formation of a soluble phase around 60 mM for p(kG)+p(eF) and p(kA)+p(eF), and
the persistent solid phase for p(kL)+p(eF). p(kL)+p(eF) was then compared with the more
hydrophobic pair, p(kL)+p(e(fl)F), at higher salt concentrations (Figure 26 (b)). Initially,
p(kL)+p(eF) presents somewhat higher turbidity values than p(kL)+p(e(fl)F), followed by a similar
trend at higher salt concentrations, and then turbidity decreases more dramatically near 4 M NaCl.
This behavior suggests the dominance of hydrophobic interactions at higher salt concentrations,
while electrostatic contributions such as charge–charge and cation‐π interactions are dominant at
lower ionic strengths.

(a)

(b)

Figure 26. Turbidity measurements at varied NaCl concentrations: (a) p(kG), p(kA), and p(kL) sequences paired with
p(eF) ; (b) p(kL) + p(eF) and p(kL) + p(e(fl)F). Complexes with p(kL) show high stability against salt. All sequence
pairs were prepared at equal stoichiometry with a total concentration of 5mM with respect to the monomer charge.
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Encapsulation of a Small Hydrophobic-Charged Molecule using Peptide Sequences
In order to investigate the effect of the interplay between π and non-π interactions on the
compartmentalization behavior of complexes, we selected a model dye for which π-interactions
have been shown to promote its partitioning to the complex phase [128]. Methylene blue (MB) is a
positively charged molecule that contains aromatic rings. We examined the interplay between
interactions on the encapsulation of MB by UV-vis spectroscopy. Complex solutions were
prepared for each sequence pair with a total polymer concentration of 5 mM (charge basis) and
100 µM of MB. All sample solutions were kept at room temperature for 24 h and then centrifuged
for 30 min at 10,000 pm. The supernatant phases were then carefully removed and dispensed into
a 96-well plate for UV-vis measurements.

UV-vis absorbance spectra of the supernatant phase of complexes are shown in Figure 27
(a). p(kKf)+p(eEf) with a higher charge density than other sequence pairs shows almost complete
encapsulation and a flat absorbance signal of the supernatant solution indicating that all MB
molecules are encapsulated within the complex phase. The encapsulation efficiency of the
sequence pairs was calculated by deconvolution analysis of the absorbance spectra (Appendix B
Figure 8 and Appendix B Table 2). The area under the curve was measured considering both
monomer and dimer peaks at 662 nm and 612 nm, respectively. Table 8 contains the calculated
encapsulation efficiencies of the sequence pairs. p(kF)+p(eF) has a 42.7% encapsulation efficiency
which is higher than encapsulation efficiency of p(k(fl)F)+p(e(fl)F), 27.3%. Both sequence pairs
have less charge density than p(kKf)+p(eEf), resulting in less ionic interactions with MB.
Moreover, fluorinated sequences have decreased π-interactions due to the presence of fluorine,
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resulting in even less interaction with MB than the sequence without fluorine. These results suggest
the importance of electrostatically-driven π-interactions. Zhao and Zacharia reported similar
results in their study on MB partitioning into the complex phases of three different polyanions
paired with branched polyethyleneimine (BPEI) [128]. The sequence pair of poly(4-styrenesulfonic
acid) (SPS) and BPEI had the highest sequestration of MB compared to other anions, polyacrylic
acid, and polyvinyl sulfonate. They explained the higher level of encapsulation efficiency to the
cooperative effects of electrostatic and π‐π interactions with MB. The aromatic group of SPS
engages in π-interactions with the dye and improves MB sequestration into the complex phase.

(a)

(b)

Figure 27. UV-vis absorbance spectroscopy of methylene blue and supernatant solutions: (a) p(kF)+p(eF),
p(kKf)+p(eEf), and p(k(fl)F)+p(e(fl)F). The p(kKf)+p(eEf) supernatant solution has almost a flat absorbance,
indicating complete encapsulation of MB molecules within the complex phase. p(k(fl)F)+p(e(fl)F) has a higher
absorbance intensity than p(kF)+p(eF) likely due to reduced π-interactions with MB as the result of the fluorine
substitution on the phenylalanine ring; (b) p(kG), p(kA), and p(kL) sequences paired with p(eF). The supernatant
solution of p(kL)+p(eF) has a lower absorbance intensity compared to p(kG)+p(eF) and p(kA)+p(eF), indicating
more encapsulation of MB within the complex phase. p(kL) is more hydrophobic than p(kG) and p(kA) providing
stronger interactions with MB. All solutions were prepared with 100 μM of MB and 5 mM of polymers on a monomer
charge basis.
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To further prove the role of π-interactions we examined compartmentalization behavior of
p(kG), p(kA), and p(kL) sequence pairs with p(eF) (Figure 27(b)). Deconvolution analysis of the
UV-vis spectra is shown in Appendix Figure 9 and Appendix Table 3. As shown in Table 8, the
encapsulation efficiency of these complexes is less than the sequence pairs in which both
polycation and polyanion have residues with an aromatic ring. The interesting observation with
these sequence pairs is the effect of hydrophobicity. As hydrophobicity of the sequence pair
increases (p(kG)< p(kA)< p(kL)), encapsulation efficiency increases, highlighting the role of
hydrophobic interactions with MB. However, replacement of p(eF) with p(e(fl)F) in the
p(kL)+p(eF) sequence pair results in even less encapsulation efficiency, 19.34%, due to the
decreased π-interactions with MB (UV-vis spectrum of p(kL)+p(e(fl)F) is compared with
p(kL)+p(eF) in Appendix B Figure 10 and deconvolution analysis is shown in Appendix B Figure
9 and Supplementary Table 3). These results confirm the more important cooperative role of ionic
and π-interactions in encapsulation of MB than hydrophobic effects.

Table 8. Encapsulation efficiency (EE %) of sequence pairs for methylene blue (MB), calculated based on comparison
of area under the absorbance spectra of supernatant solutions with methylene blue solution.
Sequence Pairs
p(kF) + p(eF)
p(kKf) + p(eEf)
p(k(fl)F) + p(e(fl)F)

EE (%)
42.7
99.15
27.34

Sequence Pairs
p(kG) + p(eF)
p(kA) + p(eF)
p(kL) +p(eF)

EE (%)
18.05
21.25
28.83
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Conclusion
The presence of π-containing residues in a sequence pair can affect the secondary structure
of polypeptide complexes and their phase behavior. Previous studies have shown the effect of
chirality patterns on the phase behavior of polypeptide complexes [2,28,29,47]. Heterochirality
disfavors the formation of packed structures due to steric effects and disruption of hydrogen
bonding. Here, by using rationally designed π-containing patterns, we demonstrated that despite
an alternating pattern of chirality, solid complexes containing hydrogen bonds form, indicating
that π-interactions overcome steric hindrance. We attribute the formation of this solid phase to
cation‐π and π‐π interactions in combination with hydrophobic effects. Although electrostatic
interactions as long-range forces primarily govern polyelectrolyte complex formation, short-range
forces such as hydrophobic and π-interactions increase the stability of complexes [14,153]. At high
salt concentrations, electrostatic interactions such as charge-charge and cation‐π interactions are
screened out, while π‐π interactions and hydrophobic effects are less sensitive to the screening
effect of salt and drive the complex formation [74]. Sequences with a fluorine substitution on the
phenylalanine aromatic ring showed less hydrogen bond formation but still formed solid structures
with high stability against salt likely due to increased hydrophobicity. The higher charge density
π-containing sequences were able to encapsulate a charged-aromatic small molecule with high
efficiency, a strategy that could be used for small molecule therapeutics. However, it is worth
noting that the higher charge density π-containing sequences were less stable to salt effects. The
incorporation of aromatic amino acids increases the hydrophobicity of the sequences. From our
various designs and comparisons, we demonstrated that hydrophobicity plays a significant role in
the stability and structure of polyelectrolyte complexes.
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Overall, here we have demonstrated that by using sequence patterning, we are able to
incorporate different features into phase separated complexes that rely on the interplay of the
different non-covalent interactions involved. These results could be used to help interpret the
driving forces behind protein phase separation and to design vehicles for the delivery of small
molecule drugs.
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CHAPTER FIVE: CONCLUSION
Ionic polypeptides are polyelectrolytes that offer the advantage of biocompatibility and
structure-property tunability. Patterned sequences of peptides with varied hydrophobic and containing residues were designed to understand the molecular level of interactions involved in
polyelectrolyte complexes. Unlike ionic interactions, hydrophobic and -interactions can stabilize
polyelectrolyte complexes at increased salt concentrations. The screening effect of salt weakens
ionic interactions of polyelectrolytes. The presence of salt promotes charge-charge interactions
between a polyelectrolyte and salt ions, extrinsic ion-pairing, and decreases the ionic interaction
between oppositely charged polyelectrolytes, intrinsic ion-pairing. Here, we observed that the
contribution of hydrophobic and -interactions to polyelectrolyte complex formation provide
higher stability against salt since these interactions are either not affected or less affected by the
screening effect of salt. Furthermore, increased hydrophobicity stabilized complexes at higher
temperatures. By introducing a new molecular design of hydrophobically-patterned ionic peptide
sequences, we demonstrated that the temperature sensitivity of polyelectrolyte complexes could
be tuned using a proper ratio of charge and hydrophobic content.

These well-defined model systems of peptides allow us to program hydrogen bonding which has
an important role in the phase behavior of polypeptide complexes. While heterochirality has been
found to promote liquid complexation, our alternating sequences of D and L-chiral residues
appeared as solid complexes when shorter sidechains were used (complexes with glycine and
alanine of the first-generation patterned peptides).
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Strong -interactions can also have a dominant role in overcoming the steric effects that usually
disrupt hydrogen bonding, resulting in solid complex formation. By a rational design of peptide
sequences, we showed the ability of their complexes to encapsulate both hydrophobic and charged
molecules. Extension of the observed encapsulation behavior into the field of drug delivery could
provide exciting results into the role of peptide patterning and self-assembly in the delivery of
ionic and hydrophobic therapeutics.
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CHAPTER SIX: FUTURE WORK
Evaluation of the Interfacial Tension of PECs
The interfacial tension between the coacervate phase with its surrounding aqueous phase
has a significant role in the use of complex coacervates for various applications such as drug
delivery, encapsulation of materials, and coatings. However, the interfacial behavior of
polyelectrolyte complexes is not understood well. The methods of capillary rise [154], surface
forces apparatus (SFA) [54,155], and colloidal probe-atomic force microscopy AFM (CP-AFM)
[55],

have been used for interfacial tension measurements, all reporting a very low interfacial

tension of the coacervate phase. Capillary adhesion of a coacervate bridge between two solid
surfaces is the basis of AFM and SFA measurements [54]. However, CP-AFM has an advantage
over other techniques for measuring the interfacial tension of the liquid systems because it does
not need an optical contrast or density difference between the two phases [55]. A capillary bridge
of a coacervate phase between two surfaces is shown schematically in Figure 5.1. This is the case
when the condensed phase is wetting the two surfaces but even in the case of non-wetting liquid
there will be an attractive force between the surfaces which is measurable by AFM (when at least
one surface is connected to a cantilever) [55].
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Figure 28. Artist impression of a capillary bridge formed by a complex coacervate phase. Reprinted with permission
from Spruijt et al. [55] (Spruijt et al. Soft Matter, 2010, 6, 172-178).

The forces are recorded upon approach or retraction of the two surfaces and the interfacial tension
can be then calculated from the force-distance curves:
𝑙𝑖𝑚𝜇→𝜇∗ 𝐹ℎ=0 = −2𝜋𝑅𝛾𝑐𝑜𝑠(𝜃)

(6)

where the left side of the equation will be the extrapolated value of force to zero distance
from the force-distance curve, R: the radius of the spherical probe, : interfacial tension and  is
the contact angle (see Figure 28 for ) [55].

Physical parameters of the system, such as the ratio of polymers and salt concentration, can
affect interfacial tension. De Ruiter and Bungenberg de Jong studied both polymer ratio and salt
concentration effects [154]. They reported maximum interfacial tension when polymers have equal
mixing proportion, resulting in the highest volume of coacervation. Increasing the salt
concentration decreases the interfacial tension due to the screening effect of the salt microions on
the polymer charges, and therefore the formation of a weaker interacting polymer phase with
higher water content [54].
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PECs in our study are expected to show different interfacial tensions with their coexisting
water phase due to the differences in their hydrophobicity. More hydrophobic sequence pairs, such
as sequences with leucine (p(kKl)+p(eEl)), are expected to show higher surface tension with water
than less hydrophobic pairs, such as sequences with glycine (p(kKg)+p(eEg)). Understanding the
interfacial tension of these complexes is an important key in determining their properties and their
encapsulation or wetting ability.

Contact angle experiment on a hydrophilic or hydrophobic surface can also be used as an
alternative way for surface tension evaluation [8]. Hydrophilic droplets have a low contact angle
on hydrophilic surfaces exhibiting high wettability while hydrophobic droplets have a higher
surface tension with hydrophilic surrounding forming a high contact angle on a hydrophilic surface
with much less wettability (Figure 29).

Figure 29. Contact angle of a water droplet on a hydrophobic and hydrophilic surface.

Our primarily results, as per Figure 30, show that p(kKl)+p(eEl) has a lower contact angle
than p(kKg)+p(eEg) and p(kKa)+p(eEa) on a hydrophobic surface. To make the surface
hydrophobic we treat coverslip glasses with Sigmacote, a reagent of chlorinated
organopolysiloxane in heptane. As a control, the contact angle of water with the same volume as
complexes is measured on the surface. For a volume of 0.25 𝜇L water shows a contact angle of
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108, while the contact angle is 88 for p(kKg)+p(eEg) and p(kKa)+p(eEa), and 67.8 for
p(kKl)+p(eEl), indicating that p(kKl)+p(eEl) is the most hydrophobic sequence pair. The low
difference in contact angle of p(kKg)+p(eEl) and p(eEa)+p(eEa) should be investigated further.
p(kKg)+p(eEg)

p(kKa)+p(eEa)

p(kKl)+p(eEl)

Contact angle, 88.3

Contact angle, 88.4

Contact angle, 67.8

Figure 30. Contact angle of the complex phases on a hydrophobic surface.

Creating Co-existing Liquid Phases
Further to the evaluation of individual complex phases, the multilayer structure of the
combined coacervates is of particular interest in interfacial studies. In biological systems like the
nucleolus, immiscibility of the liquid phases, which arises from the difference in surface tension,
is found to benefit ribosome biogenesis [8].

Figure 31. Schematic illustrating scenarios of formation of a multilayer structure from two droplets.

As shown in Figure 31, in the presence of two immiscible droplets, if the interfacial tension
of one droplet with the surrounding phase is more than the interfacial tension of the other droplet
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with the surrounding phase, the first droplet can be engulfed by the latter one (𝛾13> 𝛾12). When
the interfacial tension between the droplets is higher than the interfacial tension of each droplet
with their surrounding phase, a partial wetting happens (Figure 31, second scenario from right).
Two droplets demonstrate complete non-wetting when their interfacial tension is very high (Figure
31, first scenario from right). The difference in surface properties can result in coexisting complex
phases in which a more hydrophobic core is embedded within a more hydrophilic shell. To
examine the hydrophobicity of droplets, one alternative way to surface tension measurements is to
evaluate the wetting behavior of droplets on a hydrophobic or hydrophilic surface. As discussed
previously, on a hydrophilic surface, a hydrophilic liquid forms a low contact angle, showing a
low surface tension, and a hydrophobic liquid presents high surface tension and a high contact
angle. Upon contact with a hydrophilic environment, the more hydrophilic phase surrounds the
less hydrophilic phase to reduce the surface tension of the less hydrophilic phase.

Therefore, we expect to see a multilayer structure when combining a more hydrophobic
sequence pair, such as p(kL)+p(eL) with a less hydrophobic sequence pair, such as p(kKg)+p(eEg).
Our preliminary results, as per Figure 32, confirm the formation of a multiphase structure when
combing these two sequence pairs. p(kKg)+p(eEg), which is more hydrophilic, engulfs the
hydrophobic p(kL)+p(eL) complex. In this experiment, p(kKg)+p(eEg) and p(kL)+p(eL) are made
separately and then mixed. The difference in hydrophobicity and miscibility of these complexes
drives multiphase structure formation. A similar mechanism happens for the intra-nucleolar
organization, where the differences in miscibility of proteins from different nucleolar
compartments keep the compartments phase-separated.
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Figure 32. Bright field and fluorescence images of coexisting liquid droplets of p(kKg)+p(eEg)/p(kL)+p(eL). Red
droplets demonstrate p(kL)+p(eL) complexes and green droplets presents p(kKg)+p(eEg). scale bar, 25𝜇 m.

These multiphase structures can provide avenues to encapsulate different therapeutics in
different phases. Moreover, confining enzymes in different layers of hydrophobicity can provide
avenues to control reaction rates using phase separation.

Encapsulation of Anti-cancer Drugs
Hydrophobicity of new drug entities is one of the main challenges in drug delivery that
causes the early elimination of drugs from the bloodstream [156]. Chemotherapeutic agents such
as doxorubicin (DOX) can attack healthy growing cells besides cancer cells due to their nonselective activity, resulting in a variety of side effects such as headache, nausea, fatigue, hair loss,
and loss of appetite. Despite the development of polymeric carriers for drug delivery, their high
molecular weight and low encapsulation efficiency might result in their elimination from the
bloodstream [157]. Peptide-based polyelectrolyte complexes that contain hydrophobic residues can
interact with hydrophobic drugs, and at the same time, provide aqueous-based formulations.
Micron size complexes in our study can easily be modified with polyethylene glycol (PEG) to
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form a nanoscale complex. Due to the hydrophilic nature of PEG, these complexes can provide
longer circulation time in the body [157].

We have selected DOX as a model anticancer drug to evaluate the encapsulation behavior
of our designed polypeptide complexes. DOX's anticancer mechanism of action is through
intercalation within DNA base pairs and breakage of DNA strands, preventing DNA replication
and protein synthesis [158]. DOX has an anthraquinone ring, as shown in Figure 33, connected to
an amino sugar, daunosamine, via a glycosidic bond [158,159]. The anthraquinone ring can interact
with molecules via hydrophobic and 𝜋-interactions, while the amino group of the sugar can interact
electrostatically once protonated. Furthermore, the structure contains acidic functions in the
phenolic ring, which can form hydrogen bonds.

Figure 33. Molecular structure of Doxorubicin (DOX).

DOX is also a molecule with inherent fluorescence that can be useful in imaging of the
drug carriers. Fluorescence imaging of our polypeptide complexes of the first and second
generations (see chapter three) confirms greater encapsulation of DOX within complexes with
more hydrophobic content. p(kL)+p(eL) and p(kKl)+p(eEl) show stronger fluorescence intensity
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of the drug in the complex phase compared to the supernatant phase (the background in the
images). Bright-field and fluorescence images of these two sequence pairs are shown in Figure 34.
We believe that the combined effect of hydrophobic and ionic interactions drive encapsulation of
DOX within our hydrophobically-patterned ionic polypeptide complexes.

p(kL)+p(eL)

p(kKl)+p(eEl)

Figure 34. Bright-field and fluorescence images of p(kL)+p(eL) (left), and p(kKl)+p(eEl) (right). Scale bars, 50 𝜇m.

These results stress the importance of a rational design of molecules in the encapsulation
of anticancer drugs and provide a better molecular understanding of interactions between carriers
and therapeutics.
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Dielectric Constant of the PECs Interior and Partition Coefficient of Molecules
The dielectric constant of the complex phase can be determined by using sequestered
molecules such as enzymes, proteins, and dyes in the coacervate phase. The apparent dielectric
constant of material changes as the hydrophilicity of the environment changes. This change can be
used for understanding the interior characteristic of the complex phase by comparing the dielectric
constant of encapsulated material before and after the uptake. To this end, we can encapsulate a
model dye with a known dielectric constant in the complex phase. The supernatant phase can be
removed carefully by micropipettes, and the dye-containing complex phase can be analyzed using
UV-vis measurement. Therefore, we can estimate the absorbance peak position of the dye in the
complex phase. Already known values of peak position (wavelength) and dielectric constant of
dye in different standard solutions can provide us a relationship (wavelength versus dielectric
constant) that can estimate the dielectric constant of the coacervate interior (assuming a linear
relationship).

Moreover, we would like to investigate the ability of the designed systems in sequestration
of different materials besides the hydrophobic models. Charged biologics such as nucleic acids
and proteins are among the materials of interest. The concentration of a model compound in the
supernatant phase and the polymer-rich coacervate phase can be measured using UV-vis
spectroscopy. The partitioning coefficient can be then determined using K=Cc/Cs, where Cc and
Cs are the compound concentration in the coacervate and aqueous phase, respectively [160]. The
higher partitioning coefficient shows better encapsulation of materials within the complex phase.
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This information provides insight into the delivery of a wide range of materials using patterned
sequences of peptides.

Evaluation of the Viscoelastic Behavior of Polypeptide Complexes
Rheological measurements provide information on the structure, intermolecular
interactions, and flow properties of polyelectrolyte complexes [161].

Viscoelastic behavior of polyelectrolyte complexes, similar to turbidity, can change at
varied ionic strengths. Increased salt concentration can decrease polyelectrolyte complex
formation due to the screening effect of salt, as discussed in previous chapters. In rheology,
increased salt concentration has been found to decrease the viscosity of the complex phase [161].
A power-law correlation of viscosity with the polymer chain length has also been observed [162].
Another rheologic characteristic of materials is the modulus which is described by both storage
(elastic) and loss (storage) modulus terms, both of which are important factors in mechanical
properties and viscoelastic response of the materials. The viscoelastic response of polymer
solutions as a function of frequency, as shown in Figure 35, includes storage and loss modulus
curves with their crossover at a range of frequencies. This plot provides information on the change
in material behavior from a liquid state to a rubbery and finally a glassy, solid-state.
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Figure 35. Viscoelastic response of the polymer solutions as a function of frequency. Reprinted with permission [161]
(Liu et al. Advances in Colloid and Interface Science, 2107, 239, 46-60).

The elastic (dominant storage modulus) and viscous or liquid-like (dominant loss modulus)
behavior of each complex coacervate system is different. Changing the system conditions can
affect this behavior. For instance, increased salt concentration can decrease both moduli due to the
weakened interactions, while increasing the length of polymer can increase the modulus due to the
higher possibility of entanglements.

We intend to explore the effect of hydrophobicity and sequence patterning on the PEC
properties by rheological studies. Encapsulation can also affect the environment and structure of
the complex phase, changing the rheological behavior. Therefore, it is interesting to evaluate the
stability of the complex network with and without a guest molecule.
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Figure A1. MALDI-TOF mass spectroscopy of the peptide sequences: (a) p(kG);
(b) p(kA); (c) p(kL); (d) p(eG).
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Figure A1. Continued. MALDI-TOF mass spectroscopy of the peptide sequences: (e)
p(eA); (f) p(eL); (g) p(kKg); (h) p(kKa).
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Figure A1. Continued. MALDI-TOF mass spectroscopy of the peptide sequences: (i)
p(kKl); (j) p(eEg); (k) p(eEa); (l) p(eEl).
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Figure A2. H NMR spectroscopy of the peptide sequences: p(eG) on top; p(kA) on bottom.
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Figure A2. Continued. H NMR spectroscopy of the peptide sequences: p(eA) on top;
p(kL) on bottom.
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Figure A2. Continued. H NMR spectroscopy of the peptide sequences: p(eL) on
top; p(kKg) on bottom.
103

Figure A2. Continued. H NMR spectroscopy of the peptide sequences: p(eEg) on top;
p(kKa) on bottom.
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Figure A2. Continued. H NMR spectroscopy of the peptide sequences: p(eEa) on top;
p(kKl) on bottom.
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Figure A2. Continued. H NMR spectroscopy of the peptide sequences: p(eEl).
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Figure A3. F NMR spectroscopy of the polycations of p(kX) sequence: left side of the
image shows the spectra before TFA-elimination; right side of the image shows the spectra after
TFA-elimination.
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Figure S1. MALDI-TOF mass spectroscopy of the peptide sequences: (a) p(kF); (b) p(eF); (c) p(kKf); (d)
p(eEf).
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Figure S1. Continued. MALDI-TOF mass spectroscopy of the peptide sequences: (e)
p(k(fl)F); (f) p(e(fl)F).

Table S1. Mass-to-charge ratio measurements using MALDI-TOF spectroscopy and the
theoretical mass of sequence pairs. K and E refers to lysine and glutamic acid, respectively. F shows
phenylalanine and (fl)F represents 4-fluoro-phenylalanine. Lower and upper cases are representative of D
and L chirality, respectively.
Polycations

m/z (g/mol)

(kF)15
(kKfKkF)5
(k(fl)F)15

4174.24
4077.47
4443.6

Theoretical mass

Polyanions

m/z (g/mol)

(eF)15
(eEfEeF)5
(e(fl)F)15

4185.57
4097.66
4460.08

(g/mol)

4147.22
4052.21
4417.1

Theoretical mass
(g/mol)
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4161.34
4071.04
4431.2

Figure S2. H NMR spectroscopy of the peptide sequences: p(kF) on top; p(eF) on bottom.
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Figure S2. Continued. H NMR spectroscopy of the peptide sequences: p(kKf) on top;
p(eEf) on bottom.
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Figure S2. Continued. H NMR spectroscopy of the peptide sequences: p(k(fl)F) on top;
p(e(fl)F) on bottom.
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(a)

(b)

Figure S3. Deconvolution analysis of the FTIR spectra of sequence pairs: (a) p(kF)+p(eF);
(b) p(kKf)+p(eEf).
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(c)

Figure S3. Continued. Deconvolution analysis of the FTIR spectra of sequence pairs: (c)
p(k(fl)F)+p(e(fl)F).

115

(a)

(b)

Figure S4. Deconvolution analysis of the FTIR spectra of sequence pairs: (a) p(kG)+p(eF);
(b) p(kA)+p(eF).
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(c)

(d)

Figure S4. Continued. Deconvolution analysis of the FTIR spectra of sequence pairs: (c)
p(kL)+p(eF); (d) p(kL)+p(e(fl)F).
117

Figure S5. Optical and fluorescence imaging of p(kL)+p(e(fl)F) with thioflavin T (ThT).
Scale bars, 50 𝜇m.

Figure S6. Optical micrographs (bright-field) of sequence pairs at varied salt (NaCl)
concentrations. Scale bars, 50 𝜇m.
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Figure S6. Continued. Optical micrographs (bright-field) of sequence pairs at varied salt
(CaCl2) concentrations. Scale bars, 50 𝜇m.

Figure S7. Optical micrographs (bright-field) of sequence pairs at varied salt (NaCl)
concentrations. Scale bars, 50 𝜇m.
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(a)

(b)

(c)

(d)

Figure S8. Deconvolution of the UV-vis spectra of methylene blue in aqueous solution
and in the supernatant phase of complexes: (a) Methylene blue solution (MB); (b) p(kF)+p(eF);
(c) p(kKf)+p(eEf); (d) p(k(fl)F)+p(e(fl)F).

Table S2. Deconvolution analysis of UV-vis spectra of methylene blue (MB) in aqueous solution and
supernatant solution of sequence pairs.
Deconvolution results

Area at around 612 nm
Area at around 662 nm
Total area for monomers

MB

p(kF)+p(eF)

p(kKf)+p(eEf)

p(k(fl)F)+p(e(fl)F)

104.32
60.41
269.05

59.6
35
154.2

0.71
0.87
2.29

76.9
41.7
195.5
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(a)

(b)

(c)

(d)

Figure S9. Deconvolution of the UV-vis spectra of methylene blue in aqueous solution
and in the supernatant phase of complexes: (a) p(kG)+p(eF); (b) p(kA)+p(eF); (c) p(kL)+p(eF);
(d) p(kL)+p(e(fl)F).

Table S3. Deconvolution analysis of UV-vis spectra of methylene blue (MB) in aqueous solution
and supernatant solution of sequence pairs.
Deconvolution results

Area at around 612 nm
Area at around 662 nm
Total area for monomers

p(kG)+p(eF)

p(kA)+p(eF)

p(kL)+p(eF)

p(kL)+p(e(fl)F)

76
68.48
220.48

70.44
71
211.88

74.55
42.38
191.48

82.64
51.72
217

121

Figure S10. UV-vis spectra of MB in aqueous solution and in the supernatant phase of
p(kL)+p(eF) and p(kL)+p(e(fl)F).
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